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♣❡r♠❛❢r♦st t❤❛✇✳ ❆ s❡❝♦♥❞ ♠❛❥♦r ❝♦♥s❡q✉❡♥❝❡ ♦❢ ❝❧✐♠❛t❡ ❝❤❛♥❣❡ ✐s ❛ ✈❛r✐❛t✐♦♥ ✐♥
❧❛❦❡ ❛♥❞ ✇❡t❧❛♥❞ ❡①t❡♥t✱ ✇❤✐❝❤ ❛❧s♦ ❢❡❡❞s ❜❛❝❦ t♦ ✈❡❣❡t❛t✐♦♥ ❛♥❞ ❝❧✐♠❛t❡✳
❊①t❡♥s✐✈❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ♦✈❡r t✇♦ ②❡❛rs ♣r♦✈✐❞❡❞ ✐♥s✐❣❤ts ✐♥ t❤❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t✱ s♦✐❧ ❤❡❛t ✢✉①✱ ❛♥❞ ❝❛♥♦♣② ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t✇♦ ❝♦♠♠♦♥ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥
t②♣❡s ✐♥ t❤❡ ❑②t❛❧②❦ st✉❞② ❛r❡❛✱ ♥♦rt❤❡❛st ❙✐❜❡r✐❛ ✭70.8 ➦N✱ 147.5 ➦E✮✳ ❚✐♠❡ s❡r✐❡s
♠❡❛s✉r❡♠❡♥ts ♦❢ t✇♦ st✉❞② s♣❡❝✐❡s✱ ❞✇❛r❢ s❤r✉❜s ✭❇❡t✉❧❛ ♥❛♥❛✮ ❛♥❞ ✇❡t s❡❞❣❡s
✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮✱ ✇❡r❡ t❛❦❡♥ ✐♥ ❛❞❞✐t✐♦♥ t♦ ❝❛♥♦♣② ❤❡✐❣❤t✱ ♣❧❛♥t ❛r❡❛
✐♥❞❡①✱ ❛♥❞ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss✳ ❲❡ ❢♦✉♥❞ t❤❛t ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦ ♦❢ ❞✇❛r❢
s❤r✉❜s ✐s 0.02± 0.01 ❧♦✇❡r t❤❛♥ t❤❛t ♦❢ ✇❡t s❡❞❣❡s ✇❤✐❧❡ tr❛♥s♠✐tt❛♥❝❡ ✐s 0.08± 0.03
❤✐❣❤❡r ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✳ ❉❡s♣✐t❡ ❧♦✇❡r ❛❧❜❡❞♦ ❛♥❞ ❧❡ss s♦✐❧ s❤❛❞✐♥❣✱ s♦✐❧ ❤❡❛t ✢✉①
✐s ♠✉❝❤ s♠❛❧❧❡r ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ❛s ❝♦♠♣❛r❡❞ t♦ ✇❡t s❡❞❣❡s r❡s✉❧t✐♥❣ ✐♥ ❛♥ ♦♥
❛✈❡r❛❣❡ 17 cm s❤❛❧❧♦✇❡r ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss✳ ❚❤❡ ❡❧❡✈❛t❡❞ s♦✐❧ ❤❡❛t ✢✉① ❜❡❧♦✇ ✇❡t
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❣r❡❡♥ ❧❡❛✈❡s✳ ❲❤✐❧❡ ❝❛♥♦♣② ❛❧❜❡❞♦ r❡♠❛✐♥s r❡❧❛t✐✈❡❧② ✐♥s❡♥s✐t✐✈❡ t♦ ❝❤❛♥❣❡s ✐♥ t♦t❛❧
♣❧❛♥t ❛r❡❛✱ ✐t str♦♥❣❧② ❞❡♣❡♥❞s ♦♥ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❛r❡❛✳ ❈❛♥♦♣②
❛❜s♦r♣t✐♦♥ ❞❡♣❡♥❞s ♦♥ ❜♦t❤✱ ❜✉t ♠♦r❡ str♦♥❣❧② ♦♥ t❤❡ t♦t❛❧ ♣❧❛♥t ❛r❡❛ t❤❛♥ ♦♥ t❤❡
r❛t✐♦ ❜❡t✇❡❡♥ ❧❡❛✈❡s ❛♥❞ ✇♦♦❞✳
❯s✐♥❣ ❛❞❞✐t✐♦♥❛❧ ✜❡❧❞ ❞❛t❛ ♦♥ ✈❡❣❡t❛t✐♦♥ ♣r♦♣❡rt✐❡s ❛♥❞ ❞r♦♥❡ ✐♠❛❣❡r②✱ ✇❡ ♠❛♣♣❡❞
✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞ ♣❛r❛♠❡tr✐s❡❞ t❤❡ ❉❆❘❚ ♠♦❞❡❧ ❢♦r ❛❧❧ ♠❛❥♦r t②♣❡s ♣r❡s❡♥t ✐♥
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t❤❡ st✉❞② ❛r❡❛✳ ❲❡ q✉❛♥t✐✜❡❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡ ❛♥❞ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s
♦♥ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛t ❧❛♥❞s❝❛♣❡ s❝❛❧❡ ❛♥❞ ❛ss❡ss❡❞ t❤❡ ✐♠♣♦rt❛♥❝❡
♦❢ ♣❛t❝❤ s✐③❡ ❛♥❞ s♣❛t✐❛❧ ❛rr❛♥❣❡♠❡♥t ♦❢ ✈❡❣❡t❛t✐♦♥✳ ❚✉♥❞r❛ ❛❧❜❡❞♦ ✐s ♠♦st str♦♥❣❧②
✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❢r❛❝t✐♦♥ ♦❢ ✇❛t❡r s✉r❢❛❝❡s✱ ✇❤✐❧❡ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ✐s t❤❡ ♣r✐♠❛r②
❞r✐✈❡r ♦❢ r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡ ❝❛♥♦♣②✳ ❆❧t❤♦✉❣❤ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ✈❡❣✲
❡t❛t✐♦♥ ❤❛s ❧✐tt❧❡ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉① ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✱ ✐t
❝♦♥s✐❞❡r❛❜❧② ❝♦♥tr✐❜✉t❡s t♦ ✈❛r✐❛t✐♦♥ ♦❢ ❛❧❜❡❞♦✱ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❛❜s♦r♣✲
t❛♥❝❡ ❛t ❧♦❝❛❧ s❝❛❧❡✳
❲❡ ❢♦✉♥❞ ❝♦♥s✐❞❡r❛❜❧❡ ✈❛r✐❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①
♦❢ ❞✐✛❡r❡♥t t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❚❤❡ t❤r❡❡ ♠♦st ✐♠♣♦rt❛♥t ✐♥✢✉❡♥❝✐♥❣ ❢❛❝t♦rs
❛r❡ ✭■✮ t❤❡ ❝♦✈❡r ♦❢ ✇❛t❡r s✉r❢❛❝❡s ✐♥❝❧✉❞✐♥❣ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s✱ ✭■■✮ t❤❡ t♦t❛❧ ♣❧❛♥t
❛r❡❛ ✐♥❝❧✉❞✐♥❣ ✇♦♦❞ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✱ ❛♥❞ ✭■■■✮ s♦✐❧ ✇❛t❡r ❝♦♥t❡♥t ❛♥❞ s♦✐❧
♣r♦♣❡rt✐❡s✳ ❚❤❡s❡ ✈❛r✐❛❜❧❡s ❛r❡ ❦❡② ❝♦♥tr♦❧s ♦❢ t❤❡ ❢❡❡❞❜❛❝❦ ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥✱
❝❧✐♠❛t❡✱ ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇✳
❆s ✇❡ ❝✉rr❡♥t❧② ❧❛❝❦ s♣❛t✐❛❧❧② r❡s♦❧✈❡❞ ❞❛t❛ s❡ts ♦❢ t❤❡s❡ ❝❤❛r❛❝t❡r✐st✐❝s✱ ♠♦r❡
❡✛♦rt ✐s ♥❡❡❞❡❞ t♦ ❝♦♠❜✐♥❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ✉♣s❝❛❧✐♥❣ ♠❡t❤♦❞s ❜❛s❡❞ ♦♥
s❛t❡❧❧✐t❡ ❞❛t❛ ❛♥❞ t❤✉s ♣r♦✈✐❞❡ ❛❝❝✉r❛t❡ ✐♥♣✉t ❢♦r ❧❛r❣❡ s❝❛❧❡ ♠♦❞❡❧❧✐♥❣ ♦❢ ❧❛♥❞✕
❛t♠♦s♣❤❡r❡ ✐♥t❡r❛❝t✐♦♥s✳
✐✐
❩✉s❛♠♠❡♥❢❛ss✉♥❣
❉✐❡ ❱❡❣❡t❛t✐♦♥ s♣✐❡❧t ❡✐♥❡ ✇✐❝❤t✐❣❡ ❘♦❧❧❡ ✐♠ ❑❧✐♠❛s②st❡♠✳ ❉✐❡ ❆rt❡♥③✉s❛♠♠❡♥✲
s❡t③✉♥❣ ✉♥❞ ❞✐❡ ❙tr✉❦t✉r ❞❡r P✢❛♥③❡♥❞❡❝❦❡ r❡❛❣✐❡r❡♥ ♥✐❝❤t ♥✉r ❛✉❢ ❞✐❡ ❑❧✐♠❛❜❡✲
❞✐♥❣✉♥❣❡♥✱ s♦♥❞❡r♥ ❜❡❡✐♥✢✉ss❡♥ ❛✉❝❤ ❞❛s ❑❧✐♠❛✱ ✐♥❞❡♠ s✐❡ ❞✐❡ ❊♥❡r❣✐❡❜✐❧❛♥③ ❞❡r
❊r❞♦❜❡r✢ä❝❤❡ ä♥❞❡r♥✳ ❉❛ ❞✐❡ ❑❧✐♠❛❡r✇är♠✉♥❣ ✐♥ ❞❡r ❆r❦t✐s ❡t✇❛ ❞♦♣♣❡❧t s♦ st❛r❦
✐st ✇✐❡ ✐♠ ❣❧♦❜❛❧❡♥ ▼✐tt❡❧✱ ✇✉r❞❡♥ s❝❤♦♥ ✐♥ ✈✐❡❧❡♥ ❚✉♥❞r❛r❡❣✐♦♥❡♥ ❱❡❣❡t❛t✐♦♥s✈❡rä♥✲
❞❡r✉♥❣❡♥ ❜❡♦❜❛❝❤t❡t✱ ✈♦r ❛❧❧❡♠ ❞✐❡ ❆✉s❜r❡✐t✉♥❣ ✈♦♥ ❙trä✉❝❤❡r♥✳ ❊✐♥❡rs❡✐ts ❜❡❞✐♥❣t
❞✐❡ ❆✉s❜r❡✐t✉♥❣ ✈♦♥ ❙trä✉❝❤❡r♥ ❡✐♥❡ ❱❡rr✐♥❣❡r✉♥❣ ❞❡r ❆❧❜❡❞♦ ✉♥❞ ❞❛♠✐t ❡✐♥❡ ♣♦✲
s✐t✐✈❡ ❘ü❝❦❦♦♣♣❡❧✉♥❣ ♠✐t ❞❡r ❑❧✐♠❛❡r✇är♠✉♥❣✱ ❛♥❞❡r❡rs❡✐ts ❜❡s❝❤❛tt❡♥ ❙trä✉❝❤❡r
❞❡♥ ❇♦❞❡♥ ✉♥❞ ✈❡r♠✐♥❞❡r♥ s♦ ❞❛s ❆✉❢t❛✉❡♥ ❞❡s P❡r♠❛❢r♦st❡s✳ ❉✐❡ ③✇❡✐t❡ ✇✐❝❤t✐❣❡
❋♦❧❣❡ ❞❡s ❑❧✐♠❛✇❛♥❞❡❧s ✐st ❡✐♥❡ ➘♥❞❡r✉♥❣ ❞❡r ❋❧ä❝❤❡ ✈♦♥ ❙❡❡♥ ✉♥❞ ❋❡✉❝❤t❣❡❜✐❡t❡♥✱
✇❛s ✇✐❡❞❡r✉♠ ❞✐❡ ❱❡❣❡t❛t✐♦♥ ✉♥❞ ❞❛s ❑❧✐♠❛ ❜❡❡✐♥✢✉sst✳
❯♠❢❛♥❣r❡✐❝❤❡ ❋❡❧❞♠❡ss✉♥❣❡♥ ✇ä❤r❡♥❞ ③✇❡✐❡r ❏❛❤r❡ ❡r❣❛❜❡♥ ❡✐♥❡♥ ❊✐♥❜❧✐❝❦ ✐♥
❞✐❡ ❙tr❛❤❧✉♥❣s❜✐❧❛♥③✱ ❞❡♥ ❇♦❞❡♥✇är♠❡str♦♠ ✉♥❞ ❱❡❣❡t❛t✐♦♥s❡✐❣❡♥s❝❤❛❢t❡♥ ✈♦♥ ③✇❡✐
❤ä✉✜❣❡♥ ❚✉♥❞r❛✈❡❣❡t❛t✐♦♥st②♣❡♥ ✐♥ ❑②t❛❧②❦✱ ◆♦r❞♦sts✐❜✐r✐❡♥ ✭70.8 ➦N✱ 147.5 ➦E✮✳
❩✉sät③❧✐❝❤ ③✉ ❞❡♥ ❩❡✐tr❡✐❤❡♥♠❡ss✉♥❣❡♥ ❜❡✐ ❜❡✐❞❡♥ ❱❡❣❡t❛t✐♦♥st②♣❡♥✱ ❩✇❡r❣strä✉✲
❝❤❡r♥ ✭❇❡t✉❧❛ ♥❛♥❛✮ ✉♥❞ ❙❡❣❣❡♥ ❛♥ ❋❡✉❝❤tst❛♥❞♦rt❡♥ ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮✱
♠❛ß❡♥ ✇✐r ❞✐❡ ❱❡❣❡t❛t✐♦♥s❤ö❤❡✱ ❞✐❡ P✢❛♥③❡♥✢ä❝❤❡ ✉♥❞ ❞✐❡ ❉✐❝❦❡ ❞❡r ❆✉❢t❛✉s❝❤✐❝❤t✳
❯♥s❡r❡ ▼❡ss✉♥❣❡♥ ❡r❣❛❜❡♥✱ ❞❛ss ❞✐❡ ❆❧❜❡❞♦ ❞❡r ❩✇❡r❣strä✉❝❤❡r ✐♥ ❞❡r ❲❛❝❤st✉♠s✲
♣❡r✐♦❞❡ ✉♠ 0.02± 0.01 ❣❡r✐♥❣❡r ✐st ❛❧s ❞✐❡ ❆❧❜❡❞♦ ❞❡r ❙❡❣❣❡♥✳ ❉✐❡ ❙tr❛❤❧✉♥❣str❛♥s✲
♠✐ss✐♦♥ ✐st ❞❛❣❡❣❡♥ ✉♥t❡r ❙trä✉❝❤❡r♥ ✉♠ 0.08± 0.03 ❤ö❤❡r ❛❧s ✉♥t❡r ❙❡❣❣❡♥✳ ❚r♦t③
❣❡r✐♥❣❡r❡r ❆❧❜❡❞♦ ✉♥❞ ❇❡s❝❤❛tt✉♥❣ ✐st ❞❡r ❇♦❞❡♥✇är♠❡str♦♠ ✉♥t❡r ❩✇❡r❣strä✉✲
❝❤❡r♥ ❞❡✉t❧✐❝❤ ❦❧❡✐♥❡r ❛❧s ✉♥t❡r ❙❡❣❣❡♥✱ ✇❛s ③✉ ❡✐♥❡r ✉♠ ❞✉r❝❤s❝❤♥✐tt❧✐❝❤ 17 cm
❞ü♥♥❡r❡♥ ❆✉❢t❛✉s❝❤✐❝❤t ❢ü❤rt✳ ❉❡r ❡r❤ö❤t❡ ❇♦❞❡♥✇är♠❡str♦♠ ✉♥t❡r ❙❡❣❣❡♥ ✇✐r❞
❤❛✉♣tsä❝❤❧✐❝❤ ❛✉❢ ❞✐❡ ❇♦❞❡♥❡✐❣❡♥s❝❤❛❢t❡♥ ③✉rü❝❦❣❡❢ü❤rt✳ ❉❡r ✇❛ss❡r❣❡sätt✐❣t❡ ❇♦✲
❞❡♥ ❞❡r ❙❡❣❣❡♥ ❤❛t ❡✐♥❡ ❢ü♥❢♠❛❧ ❤ö❤❡r❡ ❲är♠❡❧❡✐t❢ä❤✐❣❦❡✐t ❛❧s ❞✐❡ ❚♦r❢s❝❤✐❝❤t ✉♥t❡r
❞❡♥ ❩✇❡r❣strä✉❝❤❡r♥✳
❊✐♥ ✸❉ ❙tr❛❤❧✉♥❣str❛♥s❢❡r♠♦❞❡❧❧ ✭❉❆❘❚✮ ✉♥❞ ♠❛♥✐♣✉❧✐❡rt❡ ❙tr❛✉❝❤❞✐❝❤t❡♥ ❡r✲
♠ö❣❧✐❝❤t❡♥ ❡s ✉♥s✱ ❞✐❡ ❊r❣❡❜♥✐ss❡ ❞❡r ❋❡❧❞♠❡ss✉♥❣❡♥ ❛✉❢ ✈❡rä♥❞❡rt❡ ❩✇❡r❣str❛✉❝❤✲
❞✐❝❤t❡♥ ❛✉s③✉✇❡✐t❡♥✳ ❩✉❞❡♠ ❦♦♥♥t❡♥ ✇✐r ♠✐t ❍✐❧❢❡ ❞❡s ♠✐t ❋❡❧❞❞❛t❡♥ ♣❛r❛♠❡t❡r✐✲
s✐❡rt❡♥ ▼♦❞❡❧❧s ❜❡st✐♠♠❡♥✱ ✇❡❧❝❤❡ ❊✐❣❡♥s❝❤❛❢t❡♥ ❞❡r ❩✇❡r❣strä✉❝❤❡r ✭❇❡t✉❧❛ ♥❛♥❛✮
❢ür ❞✐❡ ❙tr❛❤❧✉♥❣s❜✐❧❛♥③ ❜❡s♦♥❞❡rs ✇✐❝❤t✐❣ s✐♥❞✳ ❉✐❡ ✇✐❝❤t✐❣st❡♥ ❑♦♠♣♦♥❡♥t❡♥ ❞❡r
❩✇❡r❣str❛✉❝❤✈❡❣❡t❛t✐♦♥ s✐♥❞ ❞✐❡ ➘st❡✱ ❞❛ s✐❡ ❜✐s ③✉ ✷✱✹ ♠❛❧ s♦ ✈✐❡❧ ❦✉r③✇❡❧❧✐❣❡ ❙tr❛❤✲
❧✉♥❣ ❛❜s♦r❜✐❡r❡♥ ✇✐❡ ❞✐❡ ❣rü♥❡♥ ❇❧ätt❡r✳ ❲ä❤r❡♥❞ ❞✐❡ ❱❡❣❡t❛t✐♦♥s❛❧❜❡❞♦ ❦❛✉♠ ✈♦♥
❞❡r ❣❡s❛♠t❡♥ P✢❛♥③❡♥✢ä❝❤❡ ❛❜❤ä♥❣t✱ ✇✐r❞ s✐❡ st❛r❦ ✈♦♠ ❱❡r❤ä❧t♥✐s ③✇✐s❝❤❡♥ ❇❧❛tt✲
✐✐✐
❩✉s❛♠♠❡♥❢❛ss✉♥❣
✉♥❞ ❆st✢ä❝❤❡ ❜❡❡✐♥✢✉sst✳ ❲✐❡ ✈✐❡❧ ❙tr❛❤❧✉♥❣ ❞✐❡ ❱❡❣❡t❛t✐♦♥ ✐♥s❣❡s❛♠t ❛❜s♦r❜✐❡rt
❤ä♥❣t ✈♦♥ ❜❡✐❞❡♥ ❋❛❦t♦r❡♥ ❛❜✱ ❛❧❧❡r❞✐♥❣s stär❦❡r ✈♦♥ ❞❡r ❣❡s❛♠t❡♥ P✢❛♥③❡♥✢ä❝❤❡
❛❧s ✈♦♥ ❞❡♠ ❱❡r❤ä❧t♥✐s ③✇✐s❝❤❡♥ ❇❧❛tt✲ ✉♥❞ ❆st✢ä❝❤❡✳
▼✐t ❍✐❧❢❡ ✈♦♥ ✇❡✐t❡r❡♥ ❋❡❧❞❞❛t❡♥ ③✉ ❱❡❣❡t❛t✐♦♥s❡✐❣❡♥s❝❤❛❢t❡♥ ✉♥❞ ❉r♦♥❡♥❜✐❧❞❡r♥
❦❛rt✐❡rt❡♥ ✇✐r ❞✐❡ ❱❡❣❡t❛t✐♦♥ ✉♥❞ ♣❛r❛♠❡tr✐s✐❡rt❡♥ ❞❛s ❉❆❘❚ ▼♦❞❡❧❧ ❢ür ❛❧❧❡ ❛♥ ❞❡r
❋❡❧❞st❛t✐♦♥ ❤ä✉✜❣❡♥ ❱❡❣❡t❛t✐♦♥st②♣❡♥✳ ❲✐r q✉❛♥t✐✜③✐❡rt❡♥ ❞❡♥ ❊✐♥✢✉ss ✈♦♥ ❱❡❣❡✲
t❛t✐♦♥st②♣ ✉♥❞ ✲❡✐❣❡♥s❝❤❛❢t❡♥ ❛✉❢ ❞✐❡ ❦✉r③✇❡❧❧✐❣❡ ❙tr❛❤❧✉♥❣s❜✐❧❛♥③ ❛✉❢ ▲❛♥❞s❝❤❛❢t✲
s❡❜❡♥❡ ✉♥❞ ✉♥t❡rs✉❝❤t❡♥ ❞✐❡ ❇❡❞❡✉t✉♥❣ ✈♦♥ ❱❡❣❡t❛t✐♦♥s♠✉st❡r♥✳ ❉✐❡ ❚✉♥❞r❛❛❧❜❡❞♦
❤ä♥❣t ❛♠ stär❦st❡♥ ✈♦♠ ❆♥t❡✐❧ ❞❡r ❲❛ss❡r✢ä❝❤❡♥ ❛❜✳ ❉❡r ❆♥t❡✐❧ ❞❡r ❙tr❛❤❧✉♥❣✱
❞✐❡ ✈♦♥ ❞❡r ❱❡❣❡t❛t✐♦♥ ❛❜s♦r❜✐❡rt ✇✐r❞✱ ✇✐r❞ ❞❛❣❡❣❡♥ ❤❛✉♣tsä❝❤❧✐❝❤ ✈♦♥ ❞❡r P✢❛♥✲
③❡♥✢ä❝❤❡ ❜❡st✐♠♠t✳ ❲ä❤r❡♥❞ ❞✐❡ rä✉♠❧✐❝❤❡ ❱❡rt❡✐❧✉♥❣ ❞❡r ❱❡❣❡t❛t✐♦♥ ♥✉r ✇❡♥✐❣
❊✐♥✢✉ss ❛✉❢ ❞✐❡ ❦✉r③✇❡❧❧✐❣❡ ❙tr❛❤❧✉♥❣s❜✐❧❛♥③ ❛✉❢ ▲❛♥❞s❝❤❛❢ts❡❜❡♥❡ ❤❛t✱ trä❣t s✐❡
❞❡✉t❧✐❝❤ ③✉r ❦❧❡✐♥s❦❛❧✐❣❡♥ rä✉♠❧✐❝❤❡♥ ❱❛r✐❛❜✐❧✐tät ✈♦♥ ❆❧❜❡❞♦✱ ▲✐❝❤t❞✉r❝❤❧äss✐❣❦❡✐t
✉♥❞ ✲❛❜s♦r♣t✐♦♥ ❞❡r ❱❡❣❡t❛t✐♦♥ ❜❡✐✳
❲✐r ❤❛❜❡♥ ❞❡✉t❧✐❝❤❡ ❯♥t❡rs❝❤✐❡❞❡ ③✇✐s❝❤❡♥ ❞❡r ❙tr❛❤❧✉♥❣s❜✐❧❛♥③ ✉♥❞ ❞❡♥ ❇♦❞❡♥✲
✇är♠❡✢üss❡♥ ✈♦♥ ✈❡rs❝❤✐❡❞❡♥❡♥ ❚✉♥❞r❛✈❡❣❡t❛t✐♦♥st②♣❡♥ ❜❡♦❜❛❝❤t❡t✳ ❉✐❡ ✇✐❝❤t✐❣s✲
t❡♥ ❞r❡✐ ❊✐♥✢✉ss❢❛❦t♦r❡♥ ✇❛r❡♥ ❞❛❜❡✐ ✭■✮ ❞❡r ❆♥t❡✐❧ ♦✛❡♥❡r ♦❞❡r ③❡rstr❡✉t ❜❡✇❛❝❤✲
s❡♥❡r ❲❛ss❡r✢ä❝❤❡♥✱ ✭■■✮ ❞✐❡ ❣❡s❛♠t❡ P✢❛♥③❡♥✢ä❝❤❡✱ ✐♥❦❧✉s✐✈❡ ➘st❡ ✉♥❞ st❡❤❡♥❞❡s
❙tr❡✉✱ s♦✇✐❡ ✭■■■✮ ❞✐❡ ❇♦❞❡♥❢❡✉❝❤t❡ ✉♥❞ ❇♦❞❡♥❡✐❣❡♥s❝❤❛❢t❡♥✳ ❉✐❡s❡ ❱❛r✐❛❜❧❡♥ ❜❡✲
st✐♠♠❡♥ ❞✐❡ ❘ü❝❦❦♦♣♣❧✉♥❣❡♥ ③✇✐s❝❤❡♥ ❱❡❣❡t❛t✐♦♥✱ ❑❧✐♠❛ ✉♥❞ t❛✉❡♥❞❡♠ P❡r♠❛❢r♦st
♠❛ß❣❡❜❧✐❝❤✳
❉❛ ❡s ③✉r ❩❡✐t ❦❡✐♥❡ rä✉♠❧✐❝❤ ❛✉❢❣❡❧öst❡♥ ❉❛t❡♥ ❞✐❡s❡r ❊✐❣❡♥s❝❤❛❢t❡♥ ❣✐❜t✱ s✐♥❞
✈❡rstär❦t❡ ❆♥str❡♥❣✉♥❣❡♥ ♥öt✐❣✱ ❞✐❡ ❋❡❧❞♠❡ss✉♥❣❡♥ ♠✐t ❍♦❝❤s❦❛❧✐❡r✉♥❣s♠❡t❤♦❞❡♥
❜❛s✐❡r❡♥❞ ❛✉❢ ❙❛t❡❧❧✐t❡♥❞❛t❡♥ ✈❡r❜✐♥❞❡♥✳ ❆✉❢ ❞✐❡s❡ ❲❡✐s❡ ❦ö♥♥❡♥ ❊✐♥❣❛♥❣s❣röß❡♥
❢ür ❞✐❡ ▼♦❞❡❧❧✐❡r✉♥❣ ❞❡r ■♥t❡r❛❦t✐♦♥ ✈♦♥ ▲❛♥❞♦❜❡r✢ä❝❤❡ ✉♥❞ ❆t♠♦s♣❤är❡ ❣r♦ß❡r
●❡❜✐❡t❡ ❡r③❡✉❣t ✇❡r❞❡♥✳
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❈❧✐♠❛t❡ ✇❛r♠✐♥❣ ✐s ❛❜♦✉t t✇✐❝❡ ❛s str♦♥❣ ✐♥ t❤❡ ❆r❝t✐❝ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❣❧♦❜❛❧
♠❡❛♥ ✭■P❈❈✱ ✷✵✶✸✮✳ ❚❤❡r❡❢♦r❡✱ q✉❡st✐♦♥s ♦❢ ❤♦✇ t❤✐s ❝❤❛♥❣❡ ✐♠♣❛❝ts ✈❡❣❡t❛t✐♦♥✱
❛♥❞ ❤♦✇ ✈❡❣❡t❛t✐♦♥ ✐♥ t✉r♥ ❛❧t❡rs r❡❣✐♦♥❛❧ ❝❧✐♠❛t❡ ❛♥❞ ♣❡r♠❛❢r♦st ❝♦♥❞✐t✐♦♥s ❛r✐s❡
✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❚✇♦ ♠❛❥♦r ✈❡❣❡t❛t✐♦♥✕❝❧✐♠❛t❡ ❢❡❡❞❜❛❝❦ ♠❡❝❤❛♥✐s♠s ❤❛✈❡
❜❡❡♥ s✉❣❣❡st❡❞✳ ❋✐rst✱ ❣r❡❡♥❤♦✉s❡ ❣❛s ❡♠✐ss✐♦♥s ✐♥ t✉♥❞r❛ r❡❣✐♦♥s ❛r❡ ✐♥✢✉❡♥❝❡❞ ❜②
✈❡❣❡t❛t✐♦♥ t②♣❡ ✭❲❛❧❦❡r ❡t ❛❧✳✱ ✶✾✾✽❀ ❈❛❤♦♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▼❡t❤❛♥❡ ✭CH4✮ ❡♠✐s✲
s✐♦♥s ❛r❡ ❡♥❤❛♥❝❡❞ ✐♥ ✇❡t ❛r❡❛s ✇✐t❤ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥✱ ✇❤✐❧❡ s❤r✉❜s ❛r❡ ❛ss♦❝✐❛t❡❞
✇✐t❤ ❧♦✇ ❡♠✐ss✐♦♥s ✭✈❛♥ ❍✉✐sst❡❞❡♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♣❡r♠❛❢r♦st
s♦✐❧s st♦r❡ ❧❛r❣❡ ❛♠♦✉♥ts ♦❢ ❝❛r❜♦♥ ✭❍✉❣❡❧✐✉s ❡t ❛❧✳✱ ✷✵✶✹✮✱ ❛ r❡s❡r✈♦✐r ✇❤✐❝❤ ♠❛② ❜❡
r❡❧❡❛s❡❞ ✐♥ ❝❛s❡ ♦❢ ♣❡r♠❛❢r♦st t❤❛✇✳ ❚❤❛t ❧❡❛❞s t♦ t❤❡ s❡❝♦♥❞ ✈❡❣❡t❛t✐♦♥✕❝❧✐♠❛t❡
❢❡❡❞❜❛❝❦✱ ✇❤✐❝❤ ✐s t❤❡ ❡✛❡❝t ♦❢ ✈❡❣❡t❛t✐♦♥ ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛♥❞ t❤✉s✱ ✐♥✲
❞✐r❡❝t❧②✱ ♦♥ t❤❡ ❡♥❡r❣② ✇❤✐❝❤ ✐s ❛✈❛✐❧❛❜❧❡ ❢♦r ♣❡r♠❛❢r♦st t❤❛✇✳ ❲❤✐❧❡ ❣r❡❡♥❤♦✉s❡
❣❛s ❡♠✐ss✐♦♥s ❛r❡ t❤❡ s✉❜❥❡❝t ♦❢ ♠❛♥② r❡❝❡♥t st✉❞✐❡s ✭❡✳❣✳ ▲❛✢❡✉r ❛♥❞ ❍✉♠♣❤r❡②s✱
✷✵✵✽❀ ▼❝●✉✐r❡ ❡t ❛❧✳✱ ✷✵✵✾❀ P❛r♠❡♥t✐❡r ❡t ❛❧✳✱ ✷✵✶✶❛❀ ❇✉❞✐s❤❝❤❡✈ ❡t ❛❧✳✱ ✷✵✶✹✮✱ t❤❡
t✉♥❞r❛ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t r❡❝❡✐✈❡s ❧❡ss ❛tt❡♥t✐♦♥ ❛♥❞ ❧✐tt❧❡ ✜❡❧❞ ❞❛t❛ ❛r❡ ❛✈❛✐❧❛❜❧❡ t♦
s❤❡❞ ❧✐❣❤t ♦♥ t❤❡ ❝♦♥tr♦✈❡rs② ♦❢ ✇❤❡t❤❡r s❤r✉❜s ❝♦♥tr✐❜✉t❡ t♦ s♦✐❧ ✇❛r♠✐♥❣ t❤r♦✉❣❤
r❡❞✉❝✐♥❣ t❤❡ ❛❧❜❡❞♦ ✭❚❤♦♠♣s♦♥ ❡t ❛❧✳✱ ✷✵✵✹❀ ▲♦r❛♥t② ❡t ❛❧✳✱ ✷✵✶✶✮✱ ♦r r❛t❤❡r ❝♦♦❧
t❤❡ s♦✐❧ t❤r♦✉❣❤ s❤❛❞✐♥❣ ✭❇❡♥♥✐♥❣❤♦✛ ✱ ✶✾✺✷❀ ❇r✐❣❣s ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❋✉rt❤❡r♠♦r❡✱
❢❡✇ st✉❞✐❡s ❜r✐❞❣❡ t❤❡ s❝❛❧✐♥❣ ❣❛♣ ❜❡t✇❡❡♥ ❝♦❛rs❡ s❛t❡❧❧✐t❡ ❞❛t❛ ❛♥❞ t❤❡ s♠❛❧❧ s❝❛❧❡
✈❛r✐❛❜✐❧✐t② ♦❢ ❝❛♥♦♣②✕r❛❞✐❛t✐♦♥ ✐♥t❡r❛❝t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ ❡✛❡❝ts ♦❢ ✈❡❣❡t❛t✐♦♥✱ ❛♥❞
♣❛rt✐❝✉❧❛r❧② s❤r✉❜s✱ ♦♥ t❤❡ s✉r❢❛❝❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛r❡ ❦❡② t♦ ♣r❡❞✐❝t t❤❡ ❢✉t✉r❡
❝❧✐♠❛t❡ ❛s ❝❤❛♥❣❡s ✐♥ ✈❡❣❡t❛t✐♦♥ ❝♦♠♠✉♥✐t✐❡s ❛♥❞ s❤r✉❜ ❡♥❝r♦❛❝❤♠❡♥t ❤❛✈❡ ❜❡❡♥
♦❜s❡r✈❡❞ ✐♥ ♠❛♥② ❆r❝t✐❝ r❡❣✐♦♥s ✭▼②❡rs✲❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✶❀ ▼❝▼❛♥✉s ❡t ❛❧✳✱ ✷✵✶✷❀
❋r♦st ❛♥❞ ❊♣st❡✐♥✱ ✷✵✶✹✮✳
✶✳✶ ❈❧✐♠❛t❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❆r❝t✐❝
■♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡s ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ❛t ♠❛♥② ❆r❝t✐❝ ❧♦❝❛t✐♦♥s ✐♥ r❡❝❡♥t ②❡❛rs
✭❍✐♥③♠❛♥ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❚❤❡ ♣r♦❥❡❝t❡❞ ✇❛r♠✐♥❣ ✉♥t✐❧ ✷✶✵✵ ✐s ❛❧s♦ str♦♥❣❡st ✐♥ t❤❡
❆r❝t✐❝ ✭■P❈❈✱ ✷✵✶✸✮✳ ❚❤❡ ♣r♦❥❡❝t✐♦♥s ❢♦r ♥♦rt❤❡❛st ❙✐❜❡r✐❛✱ ❢♦r ❡①❛♠♣❧❡✱ s❤♦✇ ❛♥
❛✈❡r❛❣❡ t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡ ♦❢ 2✕9 ➦C ✉♥t✐❧ ✷✶✵✵✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣r❡❡♥❤♦✉s❡ ❣❛s
❡♠✐ss✐♦♥ s❝❡♥❛r✐♦ ✭■P❈❈✱ ✷✵✶✸✮✳ ❚❤❡ ❛❝❝❡❧❡r❛t❡❞ ✇❛r♠✐♥❣✱ ❛s ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r
r❡❣✐♦♥s ♦❢ t❤❡ ✇♦r❧❞✱ ✐s ♣❛rt❧② ❞✉❡ t♦ ❛ ❞❡❝r❡❛s✐♥❣ s❡❛ ✐❝❡ ❡①t❡♥t✳ ❋♦r ❡①❛♠♣❧❡✱
t❤❡ ❊❛st ❙✐❜❡r✐❛♥ ❙❡❛ ❤❛s s❡❡♥ ❛ r❛♣✐❞ s❡❛ ✐❝❡ ❞❡❝❧✐♥❡ ❛♥❞ str♦♥❣ s✉♠♠❡r ✇❛r♠✐♥❣
✶
✶ ■♥tr♦❞✉❝t✐♦♥
✭❙❡rr❡③❡ ❡t ❛❧✳✱ ✷✵✵✵❀ ❇❤❛tt ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❍♦✇❡✈❡r✱ ❝❧✐♠❛t❡ ❝❤❛♥❣❡ ❞♦❡s ♥♦t ♦♥❧②
✐♠♣❧② ✇❛r♠✐♥❣✱ ❜✉t ❛❧s♦ ❝❤❛♥❣❡s ✐♥ ❝❧♦✉❞ ❝♦✈❡r ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✺❀ ❲❛♥❣ ❛♥❞
❑❡② ✱ ✷✵✵✺❛❀ ❱❛✈r✉s ❡t ❛❧✳✱ ✷✵✵✾✮ ❛♥❞ ♣r❡❝✐♣✐t❛t✐♦♥ ✭❙❡rr❡③❡ ❡t ❛❧✳✱ ✷✵✵✵❀ ❍✐♥③♠❛♥
❡t ❛❧✳✱ ✷✵✵✺❀ ❩❤❛♥❣ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ■♥ ❝♦♥❥✉♥❝t✐♦♥ ✇✐t❤ ❡❧❡✈❛t❡❞ ♦❝❡❛♥ t❡♠♣❡r❛t✉r❡s✱
❤✐❣❤❡r ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❡❧❡✈❛t❡s ❛t♠♦s♣❤❡r✐❝ ✇❛t❡r ❝♦♥t❡♥t ❛♥❞ ✐♥❝r❡❛s❡s ❝❧♦✉❞
❝♦✈❡r ❛♥❞ ♣r❡❝✐♣✐t❛t✐♦♥ ✐♥ ❆r❝t✐❝ ❛r❡❛s✱ ✐♥❝❧✉❞✐♥❣ ♥♦rt❤❡❛st ❙✐❜❡r✐❛ ✭■P❈❈✱ ✷✵✶✸✮✳
❍♦✇❡✈❡r✱ ❞❡s♣✐t❡ ❤✐❣❤❡r ♣r❡❝✐♣✐t❛t✐♦♥✱ ❝❧✐♠❛t❡ ✇❛r♠✐♥❣ ❝❛♥ r❡❞✉❝❡ t❤❡ ❛✈❛✐❧❛❜❧❡
✇❛t❡r ✐❢ t❤❡ ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ✐♥❝r❡❛s❡s ♠♦r❡ t❤❛♥ ♣r❡❝✐♣✐t❛t✐♦♥ ✭❙♠♦❧ ❛♥❞ ❉♦✉❣❧❛s✱
✷✵✵✼✮✳ ❚❤❡ ❡✈❛♣♦r❛t✐✈❡ ❞❡♠❛♥❞ ✐s ❡s♣❡❝✐❛❧❧② r❡❧❡✈❛♥t ✐♥ t❤❡ ❆r❝t✐❝✱ ✇❤❡r❡ ✇❡t❧❛♥❞s
❡①✐st ❡✈❡♥ t❤♦✉❣❤ t❤❡ ❛♥♥✉❛❧ ♣r❡❝✐♣✐t❛t✐♦♥ ✐s ✈❡r② ❧♦✇ ✭❍✐♥③♠❛♥ ❡t ❛❧✳✱ ✷✵✵✺❀ ◆❛✉t❛
❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤✉s ❝❧✐♠❛t❡ ✇❛r♠✐♥❣ ❛♥❞ ❛ss♦❝✐❛t❡❞ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠♦✐st✉r❡ r❡❣✐♠❡
❛r❡ ❧✐❦❡❧② t♦ ❛✛❡❝t ❆r❝t✐❝ ❧❛♥❞ ❝♦✈❡r✳
✶✳✷ ▲❛♥❞s❝❛♣❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❆r❝t✐❝
❆r❝t✐❝ ❧❛♥❞s❝❛♣❡s ❛r❡ str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② ❝❧✐♠❛t❡✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s ❛♥ ✐♠♣♦rt❛♥t
❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❢♦r t❤❡ ♣❡r♠❛❢r♦st✱ t❤❡ ❤②❞r♦❧♦❣✐❝❛❧ ❝②❝❧❡✱ ❛♥❞ ♣❧❛♥t ❣r♦✇t❤✳
❆s ❛ r❡s✉❧t ♦❢ ❝❧✐♠❛t❡ ❝❤❛♥❣❡✱ ❧❛♥❞s❝❛♣❡ ❝❤❛♥❣❡s ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ ♠❛♥② ❆r❝✲
t✐❝ r❡❣✐♦♥s✳ ❆t ❧❛r❣❡ s❝❛❧❡✱ ❝❤❛♥❣❡s ✐♥ ❧❛❦❡ ❛r❡❛ ❛♥❞ ✇❡t❧❛♥❞ ❡①t❡♥t ❞r✐✈❡ ❤❛❜✐t❛t
❝❤❛♥❣❡s✳ ❲❤✐❧❡ ❧❛❦❡s ❛♥❞ ✇❡t❧❛♥❞s ❡①♣❛♥❞ ✐♥ s♦♠❡ t✉♥❞r❛ ❛r❡❛s ✇✐t❤ ❝♦♥t✐♥✉♦✉s
♣❡r♠❛❢r♦st✱ ❧❛❦❡ ❛r❡❛ ❞❡❝r❡❛s❡s ✐♥ ♦t❤❡rs✳ ❚❤❡s❡ ❝♦♥✢✐❝t✐♥❣ ♦❜s❡r✈❛t✐♦♥s ✐♥❞✐❝❛t❡
t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ ♣❛♥✲❛r❝t✐❝ ❧❛♥❞s❝❛♣❡ ❝❤❛♥❣❡✳
❖♥ ♦♥❡ ❤❛♥❞✱ ❝❧✐♠❛t❡ ✇❛r♠✐♥❣ ❧❡❛❞s t♦ ❛ ❤✐❣❤❡r ✇❛t❡r ✈❛♣♦✉r ♣r❡ss✉r❡ ❞❡✜❝✐t ✐♥
t❤❡ ❛✐r ❛♥❞ t❤✉s ✐♥❝r❡❛s❡s ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❢r♦♠ ♣❧❛♥ts ❛♥❞ ♠♦✐st s✉r❢❛❝❡s✳ ❚❤✐s
♣r♦❝❡ss ❝❛♥ ❧❡❛❞ t♦ ❞r♦✉❣❤t ❡✛❡❝ts ✐♥ t❤❡ t✉♥❞r❛ ✭❖❡❝❤❡❧ ❡t ❛❧✳✱ ✷✵✵✵❀ ❙♠♦❧ ❛♥❞ ❉♦✉✲
❣❧❛s ✱ ✷✵✵✼❀ ❈❛rr♦❧❧ ❡t ❛❧✳✱ ✷✵✶✶❀ ❏♦♥❡s ❡t ❛❧✳✱ ✷✵✶✶❀ ▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❙✉r❢❛❝❡ ❞r②✐♥❣
♠❛② ❜❡ ❢✉rt❤❡r ❡♥❤❛♥❝❡❞ ❜② ✐♥❝r❡❛s✐♥❣ tr❛♥s♣✐r❛t✐♦♥ ✐❢ t❤❡ ❝❛♥♦♣② ❧❡❛❢ ❛r❡❛ ✐♥❝r❡❛s❡s
✐♥ ✇❛r♠❡r ❝♦♥❞✐t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ ✇❛r♠✐♥❣ ❝❛♥ tr✐❣❣❡r ❛❜r✉♣t ♣❡r♠❛❢r♦st ❝♦❧❧❛♣s❡
✇❤✐❝❤ ❢❛❝✐❧✐t❛t❡s ❞r❛✐♥❛❣❡ ♦❢ ❧❛❦❡s ❛♥❞ ✇❡t❧❛♥❞s ✭❙❝❤✉✉r ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❈♦♥s❡q✉❡♥t❧②✱
❞❡❝r❡❛s✐♥❣ ❧❛❦❡ ❛r❡❛s ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❆♠❡r✐❝❛♥ ❆r❝t✐❝ ✭❈❛rr♦❧❧ ❡t ❛❧✳✱ ✷✵✶✶❀
❏♦♥❡s ❡t ❛❧✳✱ ✷✵✶✶❀ ▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳
❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❧❛❦❡s ❛♥❞ ✇❡t❧❛♥❞s ♠❛② ❡①♣❛♥❞ ❛s ❝❧✐♠❛t❡ ✇❛r♠✐♥❣ ❝❛♥ ❜❡
❝♦✉♣❧❡❞ ✇✐t❤ ✐♥❝r❡❛s❡❞ ♣r❡❝✐♣✐t❛t✐♦♥ ✭■P❈❈✱ ✷✵✶✸✮✳ ❊✈❡♥ ✇✐t❤ ❝♦♥st❛♥t ♣r❡❝✐♣✐t❛✲
t✐♦♥✱ ♠♦r❡ ✇❛t❡r ❝❛♥ ❜❡ ❦❡♣t ✐♥ t❤❡ ♣❧❛♥t✕s♦✐❧ s②st❡♠ ✐❢ s❤r✉❜s tr❛♣ t❤❡ s♥♦✇ ❛♥❞
t❤✉s r❡❞✉❝❡ t❤❡ s✉❜❧✐♠❛t✐♦♥ ❢r♦♠ ❜❧♦✇✐♥❣ s♥♦✇ ✭P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❆♥♦t❤❡r
♣r♦❝❡ss t❤❛t ❝❛♥ ❞r✐✈❡ ❧❛❦❡ ♦r ✇❡t❧❛♥❞ ❡①♣❛♥s✐♦♥ ✐s ♣❡r♠❛❢r♦st t❤❛✇✳ ■♥ ✐❝❡✲r✐❝❤
♣❡r♠❛❢r♦st ❛r❡❛s✱ t❤❛✇✐♥❣ ♣r♦✈✐❞❡s ❛ ❝♦♥t✐♥✉♦✉s ✇❛t❡r s♦✉r❝❡ ✇❤✐❝❤ ❝❛♥ ❧❡❛❞ t♦
♣♦♥❞✐♥❣ ♦♥ t❤❡ s✉r❢❛❝❡✳ ❆s ✇❛t❡r ❛❜s♦r❜s s✉♥❧✐❣❤t ✈❡r② ❡✣❝✐❡♥t❧②✱ ♣♦♥❞s ✇❛r♠ t❤❡
s✉rr♦✉♥❞✐♥❣ ♣❡r♠❛❢r♦st ❧❡❛❞✐♥❣ t♦ ❢✉rt❤❡r t❤❛✇✱ ♣♦♥❞✐♥❣ ✇❛t❡r✱ ❛♥❞ s✉❜s✐❞❡♥❝❡✳
❚❤✉s ❧❛❦❡s ❝❛♥ ❡①♣❛♥❞ ✐❢ ♥♦ ❞r❛✐♥❛❣❡ ❞❡✈❡❧♦♣s ✭❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✵✺❀ ❏♦r❣❡♥s♦♥ ❡t ❛❧✳✱
✷
✶✳✸ ❚✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ r❡s♣♦♥s❡ t♦ ❝❤❛♥❣❡
✷✵✵✻❀ ▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷❀ ❙❝❤✉✉r ❡t ❛❧✳✱ ✷✵✶✺✮✳
❇❡s✐❞❡s s♦✐❧ ♠♦✐st✉r❡✱ s♦✐❧ t❡♠♣❡r❛t✉r❡✱ ❛✐r t❡♠♣❡r❛t✉r❡✱ ❛♥❞ ♥✉tr✐❡♥t ❛✈❛✐❧❛❜✐❧✐t②
❝♦♥tr♦❧ ♣❧❛♥t ❣r♦✇t❤ ❛t t❤❡ ❧♦❝❛❧ s❝❛❧❡✳ ❙♦✐❧ ✇❛r♠✐♥❣ ❝❛♥ ♣♦t❡♥t✐❛❧❧② ✐♥❝r❡❛s❡ ♥✉tr✐❡♥t
❛✈❛✐❧❛❜✐❧✐t② ❛s ✐t ❛❝❝❡❧❡r❛t❡s ❞❡❝♦♠♣♦s✐t✐♦♥ ✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✶❛❀ ▼❛❝❦ ❡t ❛❧✳✱ ✷✵✵✹❀
❳✉❡ ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❍♦✇❡✈❡r✱ s❤♦rt t❡r♠ ✇❛r♠✐♥❣ ❡①♣❡r✐♠❡♥ts ❞✐❞ ♥♦t r❡✈❡❛❧ ✐♥❝r❡❛s❡❞
s♦✐❧ ♥✉tr✐❡♥t ❛✈❛✐❧❛❜✐❧✐t② ✭▼②❡rs✲❙♠✐t❤ ❛♥❞ ❍✐❦ ✱ ✷✵✶✸❀ ❉❡▼❛r❝♦ ❡t ❛❧✳✱ ✷✵✶✹✮✳
■♥ s♦♠❡ ❆r❝t✐❝ ❛r❡❛s ❛❧s♦ ❛♥t❤r♦♣♦❣❡♥✐❝ ✐♥✢✉❡♥❝❡ ❛❧t❡rs t❤❡ ❧❛♥❞s❝❛♣❡ ❛♥❞ t❤✉s
♣❧❛♥t ❤❛❜✐t❛ts✳ ❆♥ ✐♠♣♦rt❛♥t ❢❛❝t♦r ✐s ❣r❛③✐♥❣✱ ✇❤✐❝❤ ❣❡♥❡r❛❧❧② ❞❡❝r❡❛s❡s s❤r✉❜
❛❜✉♥❞❛♥❝❡ ❛♥❞ ❢❛❝✐❧✐t❛t❡s ❡①♣❛♥s✐♦♥ ♦❢ ❣r❛ss❡s ✭❘❡❡s ❡t ❛❧✳✱ ✷✵✵✸❀ ❖❧♦❢ss♦♥ ❡t ❛❧✳✱
✷✵✵✾❀ P❛❥✉♥❡♥ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❋✉rt❤❡r♠♦r❡✱ r❡s♦✉r❝❡ ❡①♣❧♦✐t❛t✐♦♥ ❢r♦♠ ♠✐♥✐♥❣✱ ♦✐❧
✐♥❞✉str②✱ ❛♥❞ ❣❛s ✜❡❧❞s ❛✛❡❝t ❡❝♦s②st❡♠s ✭❈♦♥✈❡② ❡t ❛❧✳✱ ✷✵✶✷✮✳
❚❤❡ ♦✈❡r❛❧❧ ❡✛❡❝t ♦❢ ❝❧✐♠❛t❡ ❝❤❛♥❣❡ ❛♥❞ ❛♥t❤r♦♣♦❣❡♥✐❝ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ t✉♥❞r❛
❧❛♥❞s❝❛♣❡ ✐s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡ ♣r♦❝❡ss❡s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳ ❚❤❡s❡ ♣r♦❝❡ss❡s ✇♦r❦
❛t ❞✐✛❡r❡♥t s♣❛t✐❛❧ ❛♥❞ t❡♠♣♦r❛❧ s❝❛❧❡s ❛♥❞ t❤❡ ♥❡t ❡✛❡❝t ❞❡♣❡♥❞s ♦♥ ❧♦❝❛❧ ❝♦♥❞✐✲
t✐♦♥s s✉❝❤ ❛s t♦♣♦❣r❛♣❤②✱ ♣❡r♠❛❢r♦st t❡♠♣❡r❛t✉r❡✱ ✐❝❡ ❝♦♥t❡♥t✱ ❛♥❞ t❤❡ ✐♥t❡♥s✐t② ♦❢
❞✐st✉r❜❛♥❝❡s ❛♥❞ ♣♦❧❧✉t✐♦♥✳ ❲❤✐❧❡ ❞✐✛❡r❡♥❝❡s ✐♥ ♥❡t ❝❤❛♥❣❡s ♦❢ ❧❛❦❡ ❛♥❞ ✇❡t❧❛♥❞
❡①t❡♥t ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ❛♠♦♥❣ ❆r❝t✐❝ r❡❣✐♦♥s ✭▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷✮✱ s♦♠❡ ♣❛tt❡r♥s
♦❢ ✈❡❣❡t❛t✐♦♥ ❝❤❛♥❣❡ ❜❡❝❛♠❡ ❛♣♣❛r❡♥t ✐♥ ♠✉❧t✐♣❧❡ ❆r❝t✐❝ r❡❣✐♦♥s✳
✶✳✸ ❚✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ r❡s♣♦♥s❡ t♦ ❝❤❛♥❣❡
❱❡❣❡t❛t✐♦♥ r❡s♣♦♥❞s ✐♥ t✇♦ ✇❛②s t♦ ❝❧✐♠❛t❡ ❝❤❛♥❣❡✳ ❖♥ ♦♥❡ ❤❛♥❞✱ ✈❡❣❡t❛t✐♦♥ ❝♦♠✲
♣♦s✐t✐♦♥ ❝❛♥ ❝❤❛♥❣❡✱ ♠❡❛♥✐♥❣ t❤❛t s♦♠❡ s♣❡❝✐❡s ♣r♦✜t ♠♦r❡ t❤❛♥ ♦t❤❡rs ❢r♦♠ t❤❡
♥❡✇ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❜❡❝♦♠❡ ♠♦r❡ ❞♦♠✐♥❛♥t ✭✈❛♥ ❲✐❥❦ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❖t❤❡r s♣❡❝✐❡s
♠❛② ❣❡t ❧♦❝❛❧❧② ❡①t✐♥❝t ✐❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s ❛r❡ ♥♦t s✉✐t❛❜❧❡ ❛♥② ♠♦r❡ ♦r
♦t❤❡r s♣❡❝✐❡s ♦✉t❝♦♠♣❡t❡ t❤❡♠ ❢♦r r❡s♦✉r❝❡s✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ s❛♠❡ s♣❡❝✐❡s
♠❛② ❝❤❛♥❣❡ ✐♥ ♣❧❛♥t tr❛✐ts✱ s✉❝❤ ❛s ♣❧❛♥t ❤❡✐❣❤t✱ ❧❡❛❢ ♣r♦♣❡rt✐❡s✱ ❛♥❞ r♦♦t ❞❡♣t❤✳
❇♦t❤ ♣♦ss✐❜❧❡ ❝❤❛♥❣❡s✱ ✐♥ ❝♦♠♠✉♥✐t② ❝♦♠♣♦s✐t✐♦♥ ❛s ✇❡❧❧ ❛s ✐♥ ♣❧❛♥t tr❛✐ts✱ ❤❛✈❡
❛❧r❡❛❞② ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ t✉♥❞r❛ ❛r❡❛s ✉s✐♥❣ ♦❜s❡r✈❛t✐♦♥❛❧ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ st✉❞✐❡s
✭❙❝❤✉✉r ❡t ❛❧✳✱ ✷✵✵✼❀ ❍✉❞s♦♥ ❡t ❛❧✳✱ ✷✵✶✶❀ ❊❧♠❡♥❞♦r❢ ❡t ❛❧✳✱ ✷✵✶✷❛✮✳
❙❤r✉❜s ♣r♦✜t ♠♦r❡ t❤❛♥ ♦t❤❡r t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❢r♦♠ ❛✐r ❛♥❞ s♦✐❧ ✇❛r♠✐♥❣
✭❲❛❤r❡♥ ❡t ❛❧✳✱ ✷✵✵✺❀▼②❡rs✲❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ s❡✈❡r❛❧ st✉❞✐❡s s❤♦✇❡❞
❡①♣❡r✐♠❡♥t❛❧❧② t❤❛t ✉♥❞❡r ❝✉rr❡♥t ❝♦♥❞✐t✐♦♥s t✉♥❞r❛ s❤r✉❜s ❛r❡ ❧✐♠✐t❡❞ ❜② ♥✉tr✐❡♥ts✳
■♥ ❝❛s❡ ♦❢ ♥✉tr✐❡♥t ❛❞❞✐t✐♦♥✱ ❞✇❛r❢ s❤r✉❜ ❧❡❛❢ ❛r❡❛ ❛♥❞ ❜✐♦♠❛ss ✐♥❝r❡❛s❡❞ str♦♥❣❧②
✭❇r❡t✲❍❛rt❡ ❡t ❛❧✳✱ ✷✵✵✶❀ ❙❤❛✈❡r ❡t ❛❧✳✱ ✷✵✵✶❀ ❙tr❡❡t ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❍✐❣❤❡r ❢✉t✉r❡
t❡♠♣❡r❛t✉r❡s ♠❛② ✐♥❝r❡❛s❡ ♥✉tr✐❡♥t ❛✈❛✐❧❛❜✐❧✐t② ✭❳✉❡ ❡t ❛❧✳✱ ✷✵✶✻✮✱ ✇❤✐❝❤ ✇♦✉❧❞
❢❛✈♦✉r s❤r✉❜s✱ ❡s♣❡❝✐❛❧❧② ❛s ❝♦♠♣❛r❡❞ t♦ ❝r②♣t♦❣❛♠s ✭❙❤❛✈❡r ❡t ❛❧✳✱ ✷✵✵✶❀ ✈❛♥ ❲✐❥❦
❡t ❛❧✳✱ ✷✵✵✸❀ ❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❙❤r✉❜ ❡①♣❛♥s✐♦♥ ❛♥❞ ❜✐♦♠❛ss ✐♥❝r❡❛s❡✱ t❤❡ s♦✲
❝❛❧❧❡❞ s❤r✉❜✐✜❝❛t✐♦♥✱ ❝♦♥s❡q✉❡♥t❧② ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ ♠❛♥② ❆r❝t✐❝ r❡❣✐♦♥s ✭❚❛♣❡
❡t ❛❧✳✱ ✷✵✵✻❀ ▼②❡rs✲❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✶❀ ❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✶❜❀ ▼❝▼❛♥✉s ❡t ❛❧✳✱ ✷✵✶✷❀
✸
✶ ■♥tr♦❞✉❝t✐♦♥
▲❛♥t③ ❡t ❛❧✳✱ ✷✵✶✸❀ ❋r♦st ❛♥❞ ❊♣st❡✐♥✱ ✷✵✶✹✮✳ ❚❤❡ s❤r✉❜ s♣❡❝✐❡s t❤❛t ♣r♦✜ts ♠♦st
❢r♦♠ ✇❛r♠✐♥❣ ❛♥❞ ♥✉tr✐❡♥t ❛❞❞✐t✐♦♥ ✐s ❇❡t✉❧❛ ♥❛♥❛ ✭❇r❡t✲❍❛rt❡ ❡t ❛❧✳✱ ✷✵✵✶❀ ❲❛❧❦❡r
❡t ❛❧✳✱ ✷✵✵✸❛❀ ❍♦❜❜✐❡ ❡t ❛❧✳✱ ✷✵✵✺❀ ❲❛❤r❡♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ■t ✐s ❛ ❝♦♠♠♦♥ s♣❡❝✐❡s ✐♥
♠❛♥② t✉♥❞r❛ r❡❣✐♦♥s ✭❞❡ ●r♦♦t ❡t ❛❧✳✱ ✶✾✾✼✮ ❛♥❞ t❤✉s ✐♥ ❛ ❣♦♦❞ ♣♦s✐t✐♦♥ t♦ ❡①♣❛♥❞
❢✉rt❤❡r✳
■♥❝r❡❛s❡ ✐♥ ✇❡t❧❛♥❞ ❡①t❡♥t ❝❛♥ ♣r♦♠♦t❡ ✇❡t s❡❞❣❡ ❡①♣❛♥s✐♦♥✳ ❲❡t s❡❞❣❡ s♣❡❝✐❡s
❛❧s♦ ✐♥❝r❡❛s❡ ❜✐♦♠❛ss ✇❤❡♥ ♥✉tr✐❡♥ts ❛r❡ ❛❞❞❡❞ ✭❙❤❛✈❡r ❡t ❛❧✳✱ ✶✾✾✽❀ ❙tr❡❡t ❡t ❛❧✳✱
✷✵✵✼✮✳ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ✭❝♦♠♠♦♥ ❝♦tt♦♥❣r❛ss✮ ✐s ❛ ✇✐❞❡s♣r❡❛❞ ✇❡t s❡❞❣❡
s♣❡❝✐❡s ✭P❤✐❧❧✐♣s✱ ✶✾✺✹✮ ✇❤✐❝❤ ❝❛♥ ♣r♦✜t ❢r♦♠ ❞✐st✉r❜❛♥❝❡ ✭❈❤❛♣✐♥ ❛♥❞ ❙❤❛✈❡r ✱
✶✾✽✶✮✳ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ❝❛♥ ❝♦❧♦♥✐s❡ s❤r✉❜ ♣❛t❝❤❡s ♦♥❝❡ t❤❡② ❜❡❝♦♠❡
♠♦r❡ ♠♦✐st ✭▼②❡rs✲❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✶❀ ◆❛✉t❛ ❡t ❛❧✳✱ ✷✵✶✺✮✳
❈r②♣t♦❣❛♠s ❛r❡ ✐♠♣♦rt❛♥t ❝♦♠♣♦♥❡♥ts ♦❢ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥✳ ❘❡❧❛t✐✈❡ t♦ ✈❛s❝✉❧❛r
♣❧❛♥ts✱ ❝r②♣t♦❣❛♠s ❛r❡ ♠♦r❡ ❛❜✉♥❞❛♥t ❛t ❤✐❣❤ ❧❛t✐t✉❞❡s ✇❤❡r❡ t❤❡② ❝❛♥ r❡❛❝❤ ✶✵✵✪
❝♦✈❡r ✭❘✉ss❡❧❧ ✱ ✶✾✾✵✮✳ ❯♥❞❡r ❧❡ss ❡①tr❡♠❡ ❝♦♥❞✐t✐♦♥s✱ ✐♥ ♥♦rt❤❡r♥ ❙✇❡❞❡♥ s✉❜❛r❝t✐❝
t✉♥❞r❛✱ ❝r②♣t♦❣❛♠s ♠❛❦❡ ✉♣ ❢♦r ✼✵✪ ♦❢ t❤❡ s♣❡❝✐❡s ✭▼♦❧❛✉ ❛♥❞ ❆❧❛t❛❧♦✱ ✶✾✾✽✮ ❛♥❞
✼✺✪ ♦❢ t❤❡ ♣❧❛♥t ❜✐♦♠❛ss ✭❙♦♥❡ss♦♥ ❛♥❞ ❇❡r❣♠❛♥✱ ✶✾✽✵✮✳ ❍♦✇❡✈❡r✱ ❝r②♣t♦❣❛♠
❛❜✉♥❞❛♥❝❡ ❞❡❝r❡❛s❡s ✇❤❡♥ t✉♥❞r❛ s❤r✉❜s ❣r♦✇ ✇❡❧❧ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✶✾✾✺❀ ✈❛♥ ❲✐❥❦
❡t ❛❧✳✱ ✷✵✵✸❀ ❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❚❤✉s✱ t❤❡ ✇✐❞❡❧② ♦❜s❡r✈❡❞ s❤r✉❜ ❡①♣❛♥s✐♦♥ ❛✛❡❝ts
❝r②♣t♦❣❛♠ ❝♦✈❡r✱ ✇❤✐❝❤ ❢❡❡❞s ❜❛❝❦ t♦ ❝❧✐♠❛t❡ ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇ ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱
✷✵✵✶✮✳ ▼♦ss❡s ✐♥s✉❧❛t❡ t❤❡ s♦✐❧ ❢r♦♠ ❛✐r t❡♠♣❡r❛t✉r❡ ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✶❀ ❇❧♦❦
❡t ❛❧✳✱ ✷✵✶✶❛✮✱ ♠♦❞✐❢② t❤❡ ❞r❛✐♥❛❣❡ ❛♥❞ ♠♦✐st✉r❡ ❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ s♦✐❧ ✭●♦r♥❛❧❧ ❡t ❛❧✳✱
✷✵✵✼✮✱ ❛♥❞ ❢❛❝✐❧✐t❛t❡ s❡❡❞❧✐♥❣ ❡st❛❜❧✐s❤♠❡♥t ✭❖❤❧s♦♥ ❡t ❛❧✳✱ ✷✵✵✶❀ ❙t✉✐✈❡r ❡t ❛❧✳✱ ✷✵✶✹✮✳
✶✳✹ ❈❧✐♠❛t❡ ❢♦r❝✐♥❣ ❜② t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥
❱❡❣❡t❛t✐♦♥ ❞♦❡s ♥♦t ♦♥❧② r❡❛❝t t♦ ❝❧✐♠❛t❡ ❝❤❛♥❣❡✱ ✐t ❛❧s♦ ❛✛❡❝ts ❝❧✐♠❛t❡ ✐♥ ♠✉❧t✐♣❧❡
✇❛②s✳ ■♥ t❤✐s t❤❡s✐s✱ t❤❡ ❢♦❝✉s ✐s ♦♥ t❤❡ ❡✛❡❝t ♦❢ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ♦♥ t❤❡ ❡♥❡r❣②
r❛t❤❡r t❤❛♥ t❤❡ ❝❛r❜♦♥ ❜✉❞❣❡t✱ ✇❤✐❝❤ ✐s ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ ❛ ♥✉♠❜❡r ♦❢ st✉❞✐❡s
✭❡✳❣✳ ▲❛✢❡✉r ❛♥❞ ❍✉♠♣❤r❡②s✱ ✷✵✵✽❀ ▼❝●✉✐r❡ ❡t ❛❧✳✱ ✷✵✵✾❀ P❛r♠❡♥t✐❡r ❡t ❛❧✳✱ ✷✵✶✶❛❀
❇✉❞✐s❤❝❤❡✈ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❚❤❡ ❡♥❡r❣② ❜✉❞❣❡t ♦❢ t❤❡ ❊❛rt❤✬s s✉r❢❛❝❡ ❝❛♥ ❜❡ ❞❡✜♥❡❞
❛s
S ↓ −S ↑ +L ↓ −L ↑= λE +H +G ✭✶✳✶✮
✭❖❦❡✱ ✶✾✽✼❀ ❊✉❣st❡r ❡t ❛❧✳✱ ✷✵✵✵❀ ❊❛t♦♥ ❡t ❛❧✳✱ ✷✵✵✶❀ ▲✐❛♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❚❤❡ ❧❡❢t s✐❞❡
♦❢ ❊q✉❛t✐♦♥ ✶✳✶ ✐s t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✭❋✐❣✉r❡ ✶✳✶✮✳ ■♥❝♦♠✐♥❣ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥
✭S ↓✮ ✐s t❤❡ ❞✐r❡❝t s♦❧❛r ❡♥❡r❣② ✇❤✐❝❤ r❡❛❝❤❡s t❤❡ ❊❛rt❤✬s s✉r❢❛❝❡ ❛s ❡❧❡❝tr♦♠❛❣♥❡t✐❝
r❛❞✐❛t✐♦♥ ✐♥ ❛ ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ ♦❢ 300✕4000 nm ✭▲✐❛♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❆t ♥♦♦♥ ♦♥
❛ ❝❧❡❛r ❞❛② ✐t ❝❛♥ r❡❛❝❤ 600Wm−2 ✐♥ ♥♦rt❤❡❛st ❙✐❜❡r✐❛ ✭❈❤❛♣t❡r ✷✮✳ P❛rts ♦❢ t❤❡
✐♥❝♦♠✐♥❣ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❛r❡ r❡✢❡❝t❡❞ ❜❛❝❦ ✭S ↑✮✳ ❚❤❡ r❛t✐♦ ♦❢ S ↑ t♦ S ↓
✐s ❞❡✜♥❡❞ ❛s ❛❧❜❡❞♦ ✭❖❦❡✱ ✶✾✽✼✮✳ ❚②♣✐❝❛❧ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ r❡✢❡❝ts ❛❜♦✉t ✶✺✪ t♦
✹
✶✳✹ ❈❧✐♠❛t❡ ❢♦r❝✐♥❣ ❜② t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥
✷✵✪ ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ r❛❞✐❛t✐♦♥✱ t❤✉s t❤❡ ❛❧❜❡❞♦ ✐s ✵✳✶✺✕✵✳✷ ✭❊✉❣st❡r ❡t ❛❧✳✱ ✷✵✵✵❀
❚❤♦♠♣s♦♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳
■♥ ❛❞❞✐t✐♦♥ t♦ S ↓✱ ✐♥❝♦♠✐♥❣ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ✭L ↓✮ ✇✐t❤ ✇❛✈❡❧❡♥❣t❤s ♦❢ 3✕
100 ➭m tr❛♥s♣♦rts ❡♥❡r❣② t♦ t❤❡ ♣❧❛♥t✕s♦✐❧ s②st❡♠ ✭❖❦❡✱ ✶✾✽✼✮✳ ❚❤✐s ✐s t❤❡ t❤❡r♠❛❧
r❛❞✐❛t✐♦♥ ❡♠✐tt❡❞ ❜② ❛t♠♦s♣❤❡r✐❝ ❣❛ss❡s✱ ❛❡r♦s♦❧s✱ ❛♥❞ ❝❧♦✉❞s ❛♥❞ ❛rr✐✈✐♥❣ ❛t t❤❡
❊❛rt❤✬s s✉r❢❛❝❡✳ ❯♥❧✐❦❡ s♦❧❛r r❛❞✐❛t✐♦♥✱ t❤✐s ❡♥❡r❣② s♦✉r❝❡ ❛❝ts ❞❛② ❛♥❞ ♥✐❣❤t✳ ■♥
❤✐❣❤ ❧❛t✐t✉❞❡s ✐t ❝❛♥ ❜❡ ❛ ❧❛r❣❡r ❡♥❡r❣② s♦✉r❝❡ t❤❛♥ t❤❡ s♦❧❛r r❛❞✐❛t✐♦♥✱ ✐♥ ♣❛rt✐❝✉❧❛r
✐♥ ✇✐♥t❡r ✭❖❤♠✉r❛✱ ✷✵✵✶❀ ❙✐❝❛rt ❡t ❛❧✳✱ ✷✵✵✻❀ ▲❛♥❣❡r ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ❆ t②♣✐❝❛❧ s✉♠♠❡r
✈❛❧✉❡ ✇♦✉❧❞ ❜❡ 330Wm−2 ✐♥ ♥♦rt❤❡❛st ❙✐❜❡r✐❛ ✭❈❤❛♣t❡r ✷✮✳ L ↓ ✐s ❜❛❧❛♥❝❡❞ ❜② t❤❡
♦✉t❣♦✐♥❣ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ✭L ↑✮ ✇❤✐❝❤ ✐s t❤❡ t❤❡r♠❛❧ r❛❞✐❛t✐♦♥ ❡♠✐tt❡❞ ❜② t❤❡
❧❛♥❞ s✉r❢❛❝❡✳ ❖♥ ❛✈❡r❛❣❡✱ ✐t ✐s ❧❛r❣❡r t❤❛♥ L ↓ ❛s t❤❡ s✉r❢❛❝❡ ❤❡❛ts ✉♣ ❛❞❞✐t✐♦♥❛❧❧②
❞✉❡ t♦ s♦❧❛r r❛❞✐❛t✐♦♥✳ 370Wm−2 ✐s ❛ t②♣✐❝❛❧ s✉♠♠❡r ✈❛❧✉❡ ✭❈❤❛♣t❡r ✷✮✳ ❆s L ↑
❞❡♣❡♥❞s t♦ ❛ ♣♦✇❡r ♦❢ ❢♦✉r ♦♥ t❤❡ s✉r❢❛❝❡ t❡♠♣❡r❛t✉r❡✱ ✐t ✐s s♠❛❧❧❡r ✐♥ ✇✐♥t❡r✳
P❡r♠❛❢r♦st
❆❝t✐✈❡ ❧❛②❡r
▼♦ss
S ↓
■♥❝♦♠✐♥❣ s✇✳
r❛❞✐❛t✐♦♥
S ↑
❘❡✢❡❝t❡❞ s✇✳
r❛❞✐❛t✐♦♥ L ↑
❖✉t❣♦✐♥❣ ❧✇✳
r❛❞✐❛t✐♦♥
L ↓
■♥❝♦♠✐♥❣ ❧✇✳
r❛❞✐❛t✐♦♥
H
❙❡♥s✐❜❧❡
❤❡❛t
λE
▲❛t❡♥t
❤❡❛t
G
❙♦✐❧ ❤❡❛t ✢✉①
❋✐❣✉r❡ ✶✳✶✿ ❙❝❤❡♠❛t✐❝ ❞r❛✇✐♥❣ ♦❢ t❤❡ ❧❛♥❞s❝❛♣❡ ❡♥❡r❣② ❜✉❞❣❡t ✇✐t❤ s❤♦rt✇❛✈❡ ✭S ↓✱
S ↑✮ ❛♥❞ ❧♦♥❣✇❛✈❡ ✭L ↓✱ L ↑✮ r❛❞✐❛t✐♦♥✱ t✉r❜✉❧❡♥t ❤❡❛t ✢✉①❡s ✭λE✱ H✮✱ ❛♥❞ s♦✐❧ ❤❡❛t
✢✉① ✭G✮❀ t❤❡ ❛rr♦✇s ❛r❡ ♥♦t ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❞✐✛❡r❡♥t ❧❛♥❞❝♦✈❡r t②♣❡s✳
❚❤❡ r✐❣❤t s✐❞❡ ♦❢ t❤❡ ❡♥❡r❣② ❜✉❞❣❡t ❡q✉❛t✐♦♥ ✭❊q✉❛t✐♦♥ ✶✳✶✮ ❝♦♥t❛✐♥s t❤❡ t✉r❜✉✲
❧❡♥t ❤❡❛t ✢✉①❡s ✭λE✱ H✮ ❛♥❞ t❤❡ s♦✐❧ ❤❡❛t ✢✉① ✭G✮✳ λE ✐s t❤❡ ❡♥❡r❣② ✉s❡❞ ❢♦r ♣❤❛s❡
❝❤❛♥❣❡ ♦❢ ✇❛t❡r✱ t❤❡ ❧❛t❡♥t ❤❡❛t✳ ❊✈❛♣♦r❛t✐♦♥ ❢r♦♠ s✉r❢❛❝❡s ❛♥❞ tr❛♥s♣✐r❛t✐♦♥ ❜②
♣❧❛♥ts ❛r❡ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♣r♦❝❡ss❡s ❝❤❛♥❣✐♥❣ λE✱ ❜✉t ❛❧s♦ ❞❡✇ ❛♥❞ r✐♠❡ ❢♦r♠❛✲
t✐♦♥ ❛r❡ ♣❛rt ♦❢ t❤❡ ❧❛t❡♥t ❤❡❛t ✢✉① ✭❖❦❡✱ ✶✾✽✼✮✳ ❙✉♠♠❡r ❛✈❡r❛❣❡ λE ✐♥ ♣♦❧②❣♦♥❛❧
t✉♥❞r❛ ❝❛♥ ❜❡ ❛r♦✉♥❞ 40Wm−2 ✭▲❛♥❣❡r ❡t ❛❧✳✱ ✷✵✶✶❜✮✳ ❚❤❡ s❡❝♦♥❞ t✉r❜✉❧❡♥t ✢✉①
✐s t❤❡ s❡♥s✐❜❧❡ ❤❡❛t H✱ ✇❤✐❝❤ ✐s t❤❡ ✇❛r♠✐♥❣ ♦❢ ❛✐r✳ ▼❡❛♥ s✉♠♠❡r ✈❛❧✉❡s ♦❢ ❛❜♦✉t
20Wm−2 ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ✐♥ ❙✐❜❡r✐❛♥ ♣♦❧②❣♦♥❛❧ t✉♥❞r❛ ✭▲❛♥❣❡r ❡t ❛❧✳✱ ✷✵✶✶❜✮✳
❚❤❡ ❧❛st t❡r♠ ✐s t❤❡ s♦✐❧ ❤❡❛t ✢✉① G✳ ■♥ ♣❡r♠❛❢r♦st r❡❣✐♦♥s✱ t❤✐s ❡♥❡r❣② ✐s ♥♦t ♦♥❧②
✉s❡❞ t♦ ✇❛r♠ t❤❡ s♦✐❧✱ ❜✉t ❛❧s♦ t♦ t❤❛✇ ❢r♦③❡♥ ❣r♦✉♥❞✳ ■♥ ❛✉t✉♠♥ ❛♥❞ ✇✐♥t❡r✱ t❤❡
✺
✶ ■♥tr♦❞✉❝t✐♦♥
s♦✐❧ ❤❡❛t ✢✉① ✐s ♠♦st❧② ♥❡❣❛t✐✈❡ ♠❡❛♥✐♥❣ t❤❛t t❤❡ s♦✐❧ r❡❧❡❛s❡s ❡♥❡r❣② t♦ t❤❡ ❛t♠♦✲
s♣❤❡r❡ t❤r♦✉❣❤ ❝♦♦❧✐♥❣ ❛♥❞ ❢r❡❡③✐♥❣✳ ■♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ r❛❞✐❛t✐♦♥ ✢✉①❡s✱ t❤❡
t✉♥❞r❛ s♦✐❧ ❤❡❛t ✢✉① ✐s s♠❛❧❧✱ ✐♥ t❤❡ r❛♥❣❡ ♦❢ 10Wm−2 ✭❈❤❛♣t❡r ✷✮✳
❚❤❡ ❡♥❡r❣② ❜✉❞❣❡t ✐s ❛❧✇❛②s ❞❡✜♥❡❞ ✇✐t❤ r❡s♣❡❝t t♦ ❛ r❡❢❡r❡♥❝❡ s✉r❢❛❝❡✳ ❍♦✇❡✈❡r✱
t❤✐s ❝♦♥❝❡♣t ❜❡❝♦♠❡s ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ ✇✐t❤ ✈❡❣❡t❛t✐♦♥ ❛s ✐t s❡♣❛r❛t❡s t❤❡ s♦✐❧ ❤❡❛t
✢✉①✱ ✇❤✐❝❤ ✐s ♣❡r ❞❡✜♥✐t✐♦♥ ❜❡❧♦✇ t❤❡ ❝❛♥♦♣②✱ ❛♥❞ t❤❡ ♦t❤❡r ✢✉①❡s✱ ✇❤✐❝❤ ❛r❡ ✉s✉❛❧❧②
❞❡✜♥❡❞ ❛❜♦✈❡ t❤❡ ❝❛♥♦♣② ✭❋✐❣✉r❡ ✶✳✶✮✳ ▼♦st st✉❞✐❡s ♦❢ t❤❡ ❡♥❡r❣② ❜✉❞❣❡t ❞♦ ♥♦t
❝♦♥s✐❞❡r t❤❡ ❡♥❡r❣② st♦r❡❞ ✐♥ t❤❡ ❝❛♥♦♣② ✭❈❤❛♠❜❡rs ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❚❤✐s ❡♥❡r❣②✱ ✇❤✐❝❤
✐s ✉s❡❞ ❢♦r ♣❤♦t♦s②♥t❤❡s✐s ❛♥❞ ✇❛r♠✐♥❣ ♦❢ t❤❡ ❝❛♥♦♣②✱ ❝❛♥ ❜❡ ✉♣ t♦ ✶✵✪ ♦❢ t❤❡ ❞❛✐❧②
♥❡t r❛❞✐❛t✐♦♥ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✶✶✮✳
❍♦✇❡✈❡r✱ ❡✈❡♥ ✐❢ ❡♥❡r❣② st♦r❛❣❡ ✐♥ t❤❡ ❝❛♥♦♣② ✐s ♥❡❣❧❡❝t❡❞✱ ✈❡❣❡t❛t✐♦♥ str♦♥❣❧② ❛❢✲
❢❡❝ts t❤❡ ❡♥❡r❣② ❜✉❞❣❡t ✐♥ ♠✉❧t✐♣❧❡ ✇❛②s✳ ❚❤❡ ♠♦st ✐♠♣♦rt❛♥t ❡✛❡❝t ✐s t❤❡ r❡❞✉❝t✐♦♥
♦❢ ❛❧❜❡❞♦ ❜② t❛❧❧ ❛♥❞ ❞❡♥s❡ ❝❛♥♦♣✐❡s✳ ■♥ ❣❡♥❡r❛❧✱ ❢♦r❡sts ❤❛✈❡ t❤❡ ❧♦✇❡st ❛❧❜❡❞♦✱
❢♦❧❧♦✇❡❞ ❜② t❛❧❧ s❤r✉❜s✱ ❧♦✇ s❤r✉❜s ❛♥❞ t✉♥❞r❛ ✇✐t❤♦✉t s❤r✉❜s ✭❚❤♦♠♣s♦♥ ❡t ❛❧✳✱
✷✵✵✹✮✳ ❍♦✇❡✈❡r✱ ✇❡t❧❛♥❞s ❝❛♥ ❛❧s♦ ❤❛✈❡ ❧♦✇ ❛❧❜❡❞♦ ✈❛❧✉❡s ✭●❛♠♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮ ❛s
✇❛t❡r s✉r❢❛❝❡s ❛❜s♦r❜ ♠♦st s♦❧❛r r❛❞✐❛t✐♦♥✱ ✐♥ ♣❛rt✐❝✉❧❛r ❛t s♠❛❧❧ s✉♥ ③❡♥✐t❤ ❛♥❣❧❡s✳
❆t t❤❡ ❧❛r❣❡ s❝❛❧❡✱ ❛❧r❡❛❞② ❛ s♠❛❧❧ r❡❞✉❝t✐♦♥ ✐♥ ❛❧❜❡❞♦✱ ❢♦r ❡①❛♠♣❧❡ ❞✉❡ t♦ s❤r✉❜
❡①♣❛♥s✐♦♥✱ ❝❛♥ ❧❡❛❞ t♦ s✉❜st❛♥t✐❛❧ ✇❛r♠✐♥❣ ✭▲❛✇r❡♥❝❡ ❛♥❞ ❙✇❡♥s♦♥✱ ✷✵✶✶✮✳
❚❤❡ s❡❝♦♥❞ ❢❡❡❞❜❛❝❦ ♦❢ ✈❡❣❡t❛t✐♦♥ ♦♥ t❤❡ ❛♠♦✉♥t ♦❢ ❡♥❡r❣② ✐♥ t❤❡ s♦✐❧✕♣❧❛♥t✕
❛t♠♦s♣❤❡r❡ s②st❡♠ ✐s ❜② t❤❡ ♦✉t❣♦✐♥❣ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥✱ ✇❤✐❝❤ ✐s ♠❛✐♥❧② ❝♦♥✲
tr♦❧❧❡❞ ❜② s✉r❢❛❝❡ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ ✇❛r♠❡r t❤❡ s✉r❢❛❝❡✱ t❤❡ ♠♦r❡ ❧♦♥❣✇❛✈❡ r❛❞✐❛✲
t✐♦♥ ✐s ❡♠✐tt❡❞ ✭❖❦❡✱ ✶✾✽✼✮✳ ❚❤❡ s♦✐❧ s✉r❢❛❝❡ t❡♠♣❡r❛t✉r❡ ✐s r❡❧❛t❡❞ t♦ ✈❡❣❡t❛t✐♦♥
❝♦✈❡r ✐♥❞✐r❡❝t❧②✱ ❜❡❝❛✉s❡ ✈❛s❝✉❧❛r ✈❡❣❡t❛t✐♦♥ ✐♥✢✉❡♥❝❡s ♠♦ss ❝♦✈❡r ❛♥❞ s♦✐❧ ♠♦✐st✉r❡
✭❲❡st❡r♠❛♥♥ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❖t❤❡r ❢❛❝t♦rs s✉❝❤ ❛s s♦✐❧ s❤❛❞✐♥❣ ❛❧s♦ r❡❞✉❝❡ s♦✐❧ s✉r❢❛❝❡
t❡♠♣❡r❛t✉r❡ ✭❇r✐❣❣s ❡t ❛❧✳✱ ✷✵✶✹✮✳
❖t❤❡r ❡✛❡❝ts ♦❢ ✈❡❣❡t❛t✐♦♥ ♦♥ t❤❡ ❡♥❡r❣② ❜✉❞❣❡t ❞♦ ♥♦t ❛✛❡❝t t❤❡ t♦t❛❧ ❛♠♦✉♥t
♦❢ ❡♥❡r❣② ✐♥ t❤❡ s♦✐❧✕♣❧❛♥t✕❛t♠♦s♣❤❡r❡ s②st❡♠✱ ❜✉t t❤❡ ♣❛rt✐t✐♦♥✐♥❣ ♦❢ t❤❡ ❛✈❛✐❧❛❜❧❡
❡♥❡r❣② ✐♥t♦ t✉r❜✉❧❡♥t ✢✉①❡s ♦r s♦✐❧ ❤❡❛t ✢✉①✳ ❉✉❡ t♦ ❝♦❧❞ s♦✐❧ t❡♠♣❡r❛t✉r❡ ❛♥❞
✐❝❡ ❝♦♥t❡♥t✱ s♦✐❧ ❤❡❛t ✢✉① ✐s ✉s✉❛❧❧② ❛ str♦♥❣ ❡♥❡r❣② s✐♥❦ ✐♥ t❤❡ ❆r❝t✐❝ s✉♠♠❡r
✭▼❝❋❛❞❞❡♥ ❡t ❛❧✳✱ ✶✾✾✽✮✳ ▼♦ss❡s ❞❡❝r❡❛s❡ t❤❡ ❣r♦✉♥❞ ❤❡❛t ✢✉① t❤r♦✉❣❤ ✐♥s✉❧❛t✐♦♥
✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✶❀ ❖✬❉♦♥♥❡❧❧ ❡t ❛❧✳✱ ✷✵✵✾❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ❋✉rt❤❡r♠♦r❡✱ s♦✐❧
s❤❛❞✐♥❣ ❜② ✈❛s❝✉❧❛r ♣❧❛♥ts ❤❛s ❜❡❡♥ s✉❣❣❡st❡❞ ❛s ♠❡❝❤❛♥✐s♠ ❢♦r r❡❞✉❝✐♥❣ t❤❡ s♦✐❧
❤❡❛t ✢✉① ✭❇❡♥♥✐♥❣❤♦✛ ✱ ✶✾✺✷❀ ❇r✐❣❣s ❡t ❛❧✳✱ ✷✵✶✹✮✳ ■❢ ❧❡ss s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✐s
tr❛♥s♠✐tt❡❞ t❤r♦✉❣❤ t❤❡ ❝❛♥♦♣② t♦ t❤❡ s♦✐❧ s✉r❢❛❝❡✱ ❧❡ss ❡♥❡r❣② ✐s ❞✐r❡❝t❧② ❛✈❛✐❧❛❜❧❡
❢♦r ✇❛r♠✐♥❣ ❛♥❞ t❤❛✇✐♥❣ t❤❡ s♦✐❧✳ ❊✈❡♥ t❤♦✉❣❤ s♦✐❧ s❤❛❞✐♥❣ ❞♦❡s ♥♦t r❡❞✉❝❡ t❤❡
t♦t❛❧ ❛♠♦✉♥t ♦❢ ❡♥❡r❣② ✐♥ t❤❡ s♦✐❧✕♣❧❛♥t s②st❡♠✱ ✐t ❝❤❛♥❣❡s t❤❡ ❡♥❡r❣② ♣❛rt✐t✐♦♥✐♥❣
s♦ t❤❛t ♠♦r❡ ❡♥❡r❣② ✐s ✉s❡❞ ❢♦r t✉r❜✉❧❡♥t ❤❡❛t ✢✉①❡s ✐♥st❡❛❞ ♦❢ t❤❡ s♦✐❧ ❤❡❛t ✢✉①✳
❊✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ✐s str♦♥❣❧② ❛✛❡❝t❡❞ ❜② ✈❡❣❡t❛t✐♦♥ t②♣❡ ❛♥❞ ❝♦✈❡r✳ ▼♦ss
❝♦✈❡r ❝❛♥ ❤❛✈❡ t✇♦ ♦♣♣♦s✐♥❣ ❡✛❡❝ts✳ ❖♥ ♦♥❡ ❤❛♥❞✱ tr❛♥s♣✐r❛t✐♦♥ ❜② ♠♦ss❡s ❝❛♥ ❜❡
❧❛r❣❡r t❤❛♥ ❜② s❤r✉❜s ✐♥ t✉♥❞r❛ ❡❝♦s②st❡♠s ✭▼❝❋❛❞❞❡♥ ❡t ❛❧✳✱ ✶✾✾✽❀ ❱♦✉r❧✐t✐s ❛♥❞
✻
✶✳✺ ❚❤❡ ❑②t❛❧②❦ ✜❡❧❞ s✐t❡
❖❡❝❤❡❧ ✱ ✶✾✾✾❀ ❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✶✱ ✷✵✵✺✮✳ ❆s ♠♦ss❡s ❝❛♥♥♦t ❝♦♥tr♦❧ tr❛♥s♣✐r❛t✐♦♥
❜② ❝❧♦s✐♥❣ st♦♠❛t❛✱ ♠♦ss tr❛♥s♣✐r❛t✐♦♥ ✐s ✈❡r② ❤✐❣❤ ❛s ❧♦♥❣ ❛s ✇❛t❡r ✐s ❛✈❛✐❧❛❜❧❡✳ ❖♥
t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ str♦♥❣ ♠♦ss tr❛♥s♣✐r❛t✐♦♥ ❝❛♥ ❧❡❛❞ t♦ ❞r②✐♥❣ ♦❢ t❤❡ ♠♦ss ❧❛②❡r✱
✇❤✐❝❤ r❡❞✉❝❡s ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❛s ❝♦♠♣❛r❡❞ t♦ ❜❛r❡ s♦✐❧ ✭❱♦✉r❧✐t✐s ❛♥❞ ❖❡❝❤❡❧ ✱
✶✾✾✾❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ■♥ ❝❛s❡ ♦❢ ❛ ❞❡s✐❝❝❛t❡❞ ♠♦ss ❧❛②❡r✱ ✈❛s❝✉❧❛r ♣❧❛♥ts ❝❛♥
♠❛✐♥t❛✐♥ s♦♠❡ tr❛♥s♣✐r❛t✐♦♥ ✐❢ t❤❡ r♦♦ts r❡❛❝❤ ❜❡❧♦✇ t❤❡ ♠♦ss ❧❛②❡r✳ ❖t❤❡r✇✐s❡✱
❡♥❡r❣② ♣❛rt✐t✐♦♥✐♥❣ ✐♥t♦ tr❛♥s♣✐r❛t✐♦♥ ✐s ❧✐♠✐t❡❞ ✉♥❞❡r ❞r② ❝♦♥❞✐t✐♦♥s ❛♥❞ ♣r♦♣♦r✲
t✐♦♥❛❧❧② ♠♦r❡ ❡♥❡r❣② ✐s ❝♦♥✈❡rt❡❞ ✐♥t♦ s❡♥s✐❜❧❡ ❤❡❛t ✢✉① ✭❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳
■♥ t❤❡ ❆r❝t✐❝ s✉♠♠❡r✱ t❤❡ s❡♥s✐❜❧❡ ❤❡❛t ✢✉① ✐s ✉s✉❛❧❧② s♠❛❧❧❡r t❤❛♥ t❤❡ ❧❛t❡♥t
❤❡❛t ✢✉① ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮✱ ✐♥ ♣❛rt✐❝✉❧❛r ♦♥ ✇❡t s✐t❡s ✭▲❛♥❣❡r ❡t ❛❧✳✱ ✷✵✶✶❜✮✳
❆t s♦♠❡ ❧♦❝❛t✐♦♥s ✇✐t❤ ❧✐tt❧❡ ♠♦ss ❝♦✈❡r ♦r ♣❡r♠❛♥❡♥t❧② ✇❡t ❝♦♥❞✐t✐♦♥s✱ t❤❡ s❡♥s✐❜❧❡
❤❡❛t ✢✉① ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ❣r♦✉♥❞ ❤❡❛t ✢✉① ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✶❀ ▲❛♥❣❡r ❡t ❛❧✳✱
✷✵✶✶❜✮✳ ❆s ♠♦ss ❝♦✈❡r r❡❞✉❝❡s t❤❡ ❣r♦✉♥❞ ❤❡❛t ✢✉①✱ ✐t ♣r♦♠♦t❡s ❡♥❡r❣② ♣❛rt✐t✐♦♥✐♥❣
✐♥t♦ s❡♥s✐❜❧❡ ❤❡❛t ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✶✮✳
✶✳✺ ❚❤❡ ❑②t❛❧②❦ ✜❡❧❞ s✐t❡
❙♦ ❢❛r✱ ♠♦st t✉♥❞r❛ ❡♥❡r❣② ❜✉❞❣❡t st✉❞✐❡s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✐♥ ❆❧❛s❦❛ ✭❡✳❣✳ ❊✉❣st❡r
❡t ❛❧✳✱ ✷✵✵✵❀ ❚❤♦♠♣s♦♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❱❡❣❡t❛t✐♦♥✕❝❧✐♠❛t❡ ✐♥t❡r❛❝t✐♦♥ ❤❛s ❜❡❡♥ st✉❞✐❡❞
♦♥❧② ❛t ❛ ❢❡✇ ❧♦❝❛t✐♦♥s ✐♥ ♥♦rt❤❡r♥ ❙✐❜❡r✐❛✱ s✉❝❤ ❛s t❤❡ ▲❡♥❛ ❞❡❧t❛ ✭▲❛♥❣❡r ❡t ❛❧✳✱
✷✵✶✶❜✮✳ ▲❛r❣❡ t✉♥❞r❛ ❛r❡❛s r❡♠❛✐♥ ♣♦♦r❧② st✉❞✐❡❞ ❛❧t❤♦✉❣❤ ✐t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t
❧❛r❣❡ s❝❛❧❡ ❧❛♥❞s❝❛♣❡ ❝❤❛♥❣❡ ❞✐✛❡rs ❜❡t✇❡❡♥ ❆r❝t✐❝ ❆❧❛s❦❛ ❛♥❞ ❆r❝t✐❝ ❙✐❜❡r✐❛ ✭❲❛♥❣
❛♥❞ ❑❡② ✱ ✷✵✵✺❜❀ ❲❛♥✐❛ ❡t ❛❧✳✱ ✷✵✵✾❀ ▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❲❤✐❧❡ ❧❛❦❡s ❛r❡ s❤r✐♥❦✐♥❣ ❛♥❞
t❤❡ s✉r❢❛❝❡ ✐s ❞r②✐♥❣ ✐♥ t✉♥❞r❛ r❡❣✐♦♥s ✐♥ ❆❧❛s❦❛ ✭❖❡❝❤❡❧ ❡t ❛❧✳✱ ✷✵✵✵❀ ❏♦♥❡s ❡t ❛❧✳✱
✷✵✶✶❀ ▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷✮ ❛♥❞ ❈❛♥❛❞❛ ✭❙♠♦❧ ❛♥❞ ❉♦✉❣❧❛s ✱ ✷✵✵✼❀ ❈❛rr♦❧❧ ❡t ❛❧✳✱ ✷✵✶✶✮✱
s✉r❢❛❝❡ ✇❡tt✐♥❣ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ ❙✐❜❡r✐❛ ✭▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷✮✱ ❛t ❧❡❛st ✐♥ ❛r❡❛s ✇✐t❤
❝♦♥t✐♥✉♦✉s ♣❡r♠❛❢r♦st ✭❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❆❧❛s❦❛ ❛♥❞ ♥♦rt❤ ❙✐❜❡r✐❛ ❛❧s♦ s❤♦✇
❞✐✛❡r❡♥t ♠❛❣♥✐t✉❞❡s ♦❢ ❝❤❛♥❣❡s ✐♥ ❛✐r ❛♥❞ s♦✐❧ t❡♠♣❡r❛t✉r❡s ✭■P❈❈✱ ✷✵✶✸✮✳ ❚❤❡s❡
❞✐✛❡r❡♥❝❡s ✐♥ ❧❛♥❞s❝❛♣❡ ❛♥❞ ❝❧✐♠❛t❡ ❝❤❛♥❣❡ ✐♥❞✐❝❛t❡ t❤❛t ♠♦r❡ ❡✛♦rt ✐s ♥❡❡❞❡❞ t♦
st✉❞② t❤❡ ❧❛r❣❡ t✉♥❞r❛ r❡❣✐♦♥ ♦❢ ♥♦rt❤❡r♥ ❙✐❜❡r✐❛✳
❈✉rr❡♥t❧②✱ ❡♥❡r❣② ✢✉① ❞❛t❛ ❛r❡ ♠❡❛s✉r❡❞ ❛t t❤r❡❡ ❧♦❝❛t✐♦♥s ✐♥ t❤❡ ♥♦rt❤❡❛st
❙✐❜❡r✐❛♥ t✉♥❞r❛ ✭❑❛s✉r✐♥❡♥ ❡t ❛❧✳✱ ✷✵✶✹✮✱ ♦♥ ❙❛♠♦②❧♦✈ ■s❧❛♥❞ ✐♥ t❤❡ ▲❡♥❛ r✐✈❡r
❞❡❧t❛ ✭▲❛♥❣❡r ❡t ❛❧✳✱ ✷✵✶✶❜❀ ▼✉st❡r ❡t ❛❧✳✱ ✷✵✶✷❀ ❇♦✐❦❡ ❡t ❛❧✳✱ ✷✵✶✸✮✱ ✐♥ t❤❡ ❑♦❧②♠❛
r✐✈❡r ✢♦♦❞♣❧❛✐♥ ♥❡❛r❜② ❈❤❡rs❦✐✐ ✭❈♦rr❛❞✐ ❡t ❛❧✳✱ ✷✵✵✺❀ ▼❡r❜♦❧❞ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ❛♥❞ ✐♥
❑②t❛❧②❦ ✐♥ t❤❡ ■♥❞✐❣✐r❦❛ ❧♦✇❧❛♥❞s ✭✈❛♥ ❍✉✐sst❡❞❡♥ ❡t ❛❧✳✱ ✷✵✵✺❀ P❛r♠❡♥t✐❡r ❡t ❛❧✳✱
✷✵✶✶❜✮✳ ❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❑②t❛❧②❦ s✐t❡ ✐s t❤❛t ✐t ✐s ♥♦t ❧♦❝❛t❡❞ ✐♥ ❛ r✐✈❡r ✢♦♦❞✲
♣❧❛✐♥✳ ❚❤❡r❡❢♦r❡✱ ✐t ♠❛② ❜❡ ♠♦r❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ✈❛st ❙✐❜❡r✐❛♥ ❧♦✇❧❛♥❞s✳ ❋✉r✲
t❤❡r♠♦r❡✱ s❡✈❡r❛❧ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ✇✐t❤✐♥ ❛ s♠❛❧❧ ❛r❡❛✳
❚❤❡ ❑②t❛❧②❦ ✜❡❧❞ s✐t❡ ✐s ❧♦❝❛t❡❞ ✐♥ ❛ ♥❛t✉r❡ r❡s❡r✈❡ ✐♥ ♥♦rt❤❡❛st ❙✐❜❡r✐❛ ✭70.8 ➦N✱
147.5 ➦E✱ ❋✐❣✉r❡ ✶✳✷✮✳ ❑②t❛❧②❦ ✐s ❧♦❝❛t❡❞ ✐♥ t❤❡ ❧♦✇ ❆r❝t✐❝✱ ❛❜♦✉t 170 km s♦✉t❤
✼
✶ ■♥tr♦❞✉❝t✐♦♥
✭❛✮
✭❝✮
✭❜✮
❙t✉❞② s✐t❡
❆r❝t✐❝ t✉♥❞r❛
P❡r♠❛❢r♦st
❙❤r✉❜ tr✐♣♦❞
❙❡❞❣❡ tr✐♣♦❞
❙❤r✉❜
❙❡❞❣❡
❉❡t❛✐❧
❉r♦♥❡
▼❛♣♣✐♥❣
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1km
❋✐❣✉r❡ ✶✳✷✿ ✭❛✮ ▼❛♣ ♦❢ t❤❡ st✉❞② s✐t❡ ❧♦❝❛t✐♦♥ ✐♥ ♥♦rt❤❡❛st ❙✐❜❡r✐❛ ❛♥❞ t❤❡ ❡①t❡♥ts ♦❢
❆r❝t✐❝ t✉♥❞r❛ ✭♦r❛♥❣❡✱ ❲❛❧❦❡r ❡t ❛❧✳ ✭✷✵✵✺✮✮ ❛♥❞ ❝♦♥t✐♥✉♦✉s ♣❡r♠❛❢r♦st ✭❜❧✉❡✱ ❇r♦✇♥
❡t ❛❧✳ ✭✷✵✵✵✮✮✱ ✭❜✮ s❛t❡❧❧✐t❡ ✐♠❛❣❡ ✭●❡♦❊②❡✲✶✮ ♦❢ t❤❡ s✐t❡ ✐♥❝❧✉❞✐♥❣ ❞r♦♥❡ ♦rt❤♦♠♦✲
s❛✐❝s✱ t❤❡ ❡①t❡♥t ♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✭②❡❧❧♦✇✮✱ ❛♥❞ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❞❡t❛✐❧❡❞
♠❡❛s✉r❡♠❡♥ts ✭r❡❞✮✱ ❛♥❞ ✭❝✮ ♦rt❤♦♠♦s❛✐❝ ♦❢ t❤❡ st✉❞② s✐t❡ ✐♥❝❧✉❞✐♥❣ ♠❡❛s✉r❡♠❡♥t
❧♦❝❛t✐♦♥s ♦♥ ❞✇❛r❢ s❤r✉❜s ✭♣✉r♣❧❡✮ ❛♥❞ ✇❡t s❡❞❣❡s ✭❣r❡❡♥✮❀ sq✉❛r❡s ✐♥❞✐❝❛t❡ s♣❛t✐❛❧❧②
❞✐str✐❜✉t❡❞ ♠❡❛s✉r❡♠❡♥ts✱ tr✐❛♥❣❧❡s ✐♥❞✐❝❛t❡ ❛✉t♦♠❛t✐❝ ♠❡❛s✉r❡♠❡♥t st❛t✐♦♥s✳
♦❢ t❤❡ ❝♦❛st ♦❢ t❤❡ ❊❛st ❙✐❜❡r✐❛♥ ❙❡❛✳ ❚❤❡ s✐t❡ ✐s ❧♦❝❛t❡❞ ❛t t❤❡ r✐✈❡r ❇❡r❡❧❡❦❤✱ ❛
tr✐❜✉t❛r② ♦❢ t❤❡ ■♥❞✐❣✐r❦❛✳ ❇② t❤❡s❡ r✐✈❡rs✱ t❤❡ st✉❞② s✐t❡ ✐s ❛❝❝❡ss✐❜❧❡ ❜② ❜♦❛t✱ ❛♥❞
s♥♦✇ s❝♦♦t❡r ✐♥ ✇✐♥t❡r✱ ❢r♦♠ t❤❡ t♦✇♥ ♦❢ ❈❤♦❦✉r❞❛❦❤✱ ✇❤✐❝❤ ✐s ❧♦❝❛t❡❞ ❛❜♦✉t 27 km
s♦✉t❤❡❛st ♦❢ ❑②t❛❧②❦✳
❚❤❡ ❧♦✇❧❛♥❞ t✉♥❞r❛ ✐s ❝❤❛r❛❝t❡r✐s❡❞ ❜② ❛ ❞r❛✐♥❡❞ t❤❛✇ ❧❛❦❡ ❜❡❞ ❛♥❞ ❛ P❧❡✐st♦❝❡♥❡
②❡❞♦♠❛ r✐❞❣❡ ✭❙❝❤✐rr♠❡✐st❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❑②t❛❧②❦ ✐s ✉♥❞❡r❧❛✐♥ ❜② ❝♦♥t✐♥✉♦✉s✱ ✐❝❡✲
r✐❝❤ ♣❡r♠❛❢r♦st ✭❇r♦✇♥ ❡t ❛❧✳✱ ✷✵✵✷❀ ■✇❛❤❛♥❛ ❡t ❛❧✳✱ ✷✵✶✹✮ ♦❢ s❡✈❡r❛❧ ❤✉♥❞r❡❞ ♠❡t❡r
❞❡♣t❤ ✭❘♦♠❛♥♦✈s❦✐✐ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❆ s♦✐❧ ❧❛②❡r ♦❢ ❛❜♦✉t 25✕55 cm ❞❡♣t❤ t❤❛✇s ❡✈❡r②
s✉♠♠❡r ❛♥❞ r❡❢r❡❡③❡s ✐♥ ✇✐♥t❡r✱ t❤❡ s♦✲❝❛❧❧❡❞ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ✭✈❛♥ ❍✉✐sst❡❞❡♥
❡t ❛❧✳✱ ✷✵✵✺✮✳ ❲✐t❤ ❛❜♦✉t s❡✈❡♥ ♣✐♥❣♦s ♣❡r 100 km2✱ t❤❡ ❛r❡❛ ❤❛s ♦♥❡ ♦❢ t❤❡ ❤✐❣❤❡st
❞❡♥s✐t✐❡s ♦❢ ♣✐♥❣♦s ♦❢ ❙✐❜❡r✐❛ ✭●r♦ss❡ ❛♥❞ ❏♦♥❡s ✱ ✷✵✶✶✮✳ ❙✐① ♣✐♥❣♦s ✇✐t❤✐♥ 5 km
✽
✶✳✻ ■♥ s✐t✉ ♦❜s❡r✈❛t✐♦♥❛❧ ❛♥❞ ♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤❡s
r❛❞✐✉s ♦❢ t❤❡ st✉❞② s✐t❡ ❛r❡ ✐♥❞✐❝❛t❡❞ ♦♥ ❛ ❧♦❝❛❧ ♠❛♣ ✭❉✲✹✼✶ ❍✲✽✾✲❍❜✱ ✶✾✽✾✮✳
❚❤❡ ♠❡❛♥ ❛♥♥✉❛❧ ❛✐r t❡♠♣❡r❛t✉r❡ ✐s −13 ➦C ❛♥❞ t❤❡ ♠❡❛♥ ♠♦♥t❤❧② t❡♠♣❡r❛t✉r❡
✈❛r✐❡s ❜❡t✇❡❡♥ −34.2 ➦C ✐♥ ❏❛♥✉❛r② ❛♥❞ 10.4 ➦C ✐♥ ❏✉❧② ✭✈❛♥ ❞❡r ▼♦❧❡♥ ❡t ❛❧✳✱ ✷✵✵✼✮✳
❚❤❡ s♥♦✇ ❝♦✈❡r ❧❛sts ❛❜♦✉t ✷✹✵ ❞❛②s ❡❛❝❤ ②❡❛r ✭✈❛♥ ❞❡r ▼♦❧❡♥ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❉✉r✐♥❣
s✉♠♠❡r ♠♦♥t❤s✱ ✐t r❛✐♥s ♦♥ ❛✈❡r❛❣❡ 76mm✱ 120mm ♣r❡❝✐♣✐t❛t✐♦♥ ❢❛❧❧ ❛s s♥♦✇ ❡✈❡r②
②❡❛r ✭◆❛✉t❛ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❙♥♦✇♠❡❧t ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ ✶✽ ▼❛② ❛♥❞ ✶✵ ❏✉♥❡
✐♥ ❛ ♠✉❧t✐✲②❡❛r st✉❞② ❜② P❛r♠❡♥t✐❡r ❡t ❛❧✳ ✭✷✵✶✶❜✮✳ ❚❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ st❛rts ❛❜♦✉t
❢♦✉r ✇❡❡❦s ❛❢t❡r s♥♦✇ ♠❡❧t ❛♥❞ ❡♥❞s ✐♥ ❡❛r❧② ❙❡♣t❡♠❜❡r ✐♥ ❛❧❧ ②❡❛rs ✭P❛r♠❡♥t✐❡r
❡t ❛❧✳✱ ✷✵✶✶❜✮✳ ❆s ❑②t❛❧②❦ ✐s ❧♦❝❛t❡❞ ❛t 70.8 ➦N✱ ♣♦❧❛r ♥✐❣❤t ❧❛sts ❛❜♦✉t t✇♦ ♠♦♥t❤s
✐♥ ✇✐♥t❡r ❛♥❞ t❤❡ s✉♥ ❞♦❡s ♥♦t s❡t ❜❡t✇❡❡♥ ✶✺ ▼❛② ❛♥❞ ✷✾ ❏✉❧② ✭❈❤❛♣t❡r ✷✮✳ ❆❜♦✉t
✷✵✪ ♦❢ t❤❡ s✉♠♠❡r ❞❛②s ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛s ❝❧❡❛r s❦②✱ ✷✵✪ ❛s ❝❧♦✉❞② ❛♥❞ ✻✵✪ ❛s
♣❛rt❧② ❝❧♦✉❞② ✭❈❤❛♣t❡r ✷✮✳ ■♥❝♦♠✐♥❣ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✐s ♦♥ ❛✈❡r❛❣❡ 190Wm−2
❞✉r✐♥❣ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛♥❞ ✐♥❝♦♠✐♥❣ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ 330Wm−2 ✭❈❤❛♣t❡r ✷✮✳
❖♥ t❤❡ ❝✐r❝✉♠♣♦❧❛r ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ♠❛♣✱ t❤❡ ❑②t❛❧②❦ ✜❡❧❞ s✐t❡ ✐s ❧♦❝❛t❡❞ ❛t
t❤❡ ❜♦r❞❡r ❜❡t✇❡❡♥ t✉ss♦❝❦ s❡❞❣❡✱ ❞✇❛r❢ s❤r✉❜✱ ♠♦ss t✉♥❞r❛ ❛♥❞ ❧♦✇ s❤r✉❜ t✉♥❞r❛
✭❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❍♦✇❡✈❡r✱ ❛t s♠❛❧❧ s❝❛❧❡✱ s✐① ❞✐✛❡r❡♥t t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s
❛s ❞❡✜♥❡❞ ❜② ❲❛❧❦❡r ❡t ❛❧✳ ✭✷✵✵✺✮ ❝❛♥ ❜❡ ❢♦✉♥❞ ♦♥ t❤❡ s✐t❡ ✭❚❛❜❧❡ ✶✳✶✮✳ ❚❤❡s❡
✈❡❣❡t❛t✐♦♥ t②♣❡s ♦❝❝✉r ❝❧♦s❡ t♦ ❡❛❝❤ ♦t❤❡r ✐♥ ❛ ✜♥❡✲s❝❛❧❡ ♠♦s❛✐❝ ❞❡♣❡♥❞✐♥❣ ♦♥ s♦✐❧
♠♦✐st✉r❡✱ ♣❍✱ ❛♥❞ ♥✉tr✐❡♥ts✳
❆s ♣r♦str❛t❡ ❞✇❛r❢ s❤r✉❜ t✉♥❞r❛ ✭❝❧❛ss❡s P✶ ❛♥❞ P✷✮ ♦❝❝✉rs ♦♥❧② ✐♥ s♠❛❧❧ ✐s♦❧❛t❡❞
♣❛t❝❤❡s✱ ✐t ✐s ♥♦t ❝♦♥s✐❞❡r❡❞ ❢✉rt❤❡r ✐♥ t❤✐s st✉❞②✳ ▲♦✇ s❤r✉❜ t✉♥❞r❛ ✭❙✷✮ ✐s ♠♦st❧②
r❡str✐❝t❡❞ t♦ r✐✈❡r ❛♥❞ ❧❛❦❡ ❜❛♥❦s✳ ❚✉ss♦❝❦ t✉♥❞r❛ ✭●✹✮ ✐s ✇✐❞❡s♣r❡❛❞ ✐♥ t❤❡ st✉❞②
r❡❣✐♦♥✱ ✐♥ ♣❛rt✐❝✉❧❛r ✐♥ ❡❧❡✈❛t❡❞ ❛r❡❛s✳ ❉✇❛r❢ s❤r✉❜ t✉♥❞r❛ ✭❙✶✮ ❛♥❞ s❡❞❣❡ ✇❡t✲
❧❛♥❞ ✭❲✷✮ ❛r❡ t❤❡ t✇♦ ❝❤❛r❛❝t❡r✐st✐❝ ✈❡❣❡t❛t✐♦♥ t②♣❡s ♦❢ t❤❡ ❞r❛✐♥❡❞ t❤❛✇ ❧❛❦❡ ❜❡❞✳
❲✐t❤✐♥ t❤❡s❡ t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱ ❞✐✛❡r❡♥t ❞♦♠✐♥❛♥t s♣❡❝✐❡s ❛♥❞ ❝❛♥♦♣② ❝❤❛r❛❝✲
t❡r✐st✐❝s s✉❝❤ ❛s ❤❡✐❣❤t ❛♥❞ ❧❡❛❢ ❛r❡❛ ❝❛♥ ❜❡ ❢♦✉♥❞✳ ❚❤✉s✱ t❤❡ ❝❧❛ss❡s ❙✶ ❛♥❞ ❲✷ ❛r❡
s✉❜❞✐✈✐❞❡❞ ✐♥t♦ ♠♦r❡ ❞❡t❛✐❧❡❞ s✉❜✲❝❧❛ss❡s ❢♦r t❤✐s st✉❞② ✭❚❛❜❧❡ ✶✳✶✱ ❋✐❣✉r❡ ✶✳✸✮✳ ❚❤❡
✈❡❣❡t❛t✐♦♥ ❤❡✐❣❤t ✐s ❣❡♥❡r❛❧❧② ❧❡ss t❤❛♥ 50 cm ✭❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✵❀ P❛r♠❡♥t✐❡r ❡t ❛❧✳✱
✷✵✶✶❜✮✱ ❡①❝❡♣t ❢♦r ❧♦✇ s❤r✉❜ t✉♥❞r❛✱ ✇❤✐❝❤ ❝❛♥ r❡❛❝❤ 2m ❤❡✐❣❤t✳
✶✳✻ ■♥ s✐t✉ ♦❜s❡r✈❛t✐♦♥❛❧ ❛♥❞ ♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤❡s
■♥ s✐t✉ ♦❜s❡r✈❛t✐♦♥s ❛♥❞ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ ✇❡r❡ ❝♦♠❜✐♥❡❞ t♦ q✉❛♥t✐❢② t❤❡
❡✛❡❝t ♦❢ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇✳ ❋✐❡❧❞
♠❡❛s✉r❡♠❡♥ts ♣r♦✈✐❞❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❛❧❧ t❤r❡❡ ❝♦♠♣♦♥❡♥ts✱ ✭■✮ t❤❡ t✉♥❞r❛ ✈❡❣✲
❡t❛t✐♦♥ ❞✐str✐❜✉t✐♦♥✱ ❝♦♠♣♦s✐t✐♦♥✱ ❛♥❞ str✉❝t✉r❡✱ ✭■■✮ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛❜♦✈❡
❝❛♥♦♣② ❛♥❞ s♦✐❧ s❤❛❞✐♥❣✱ ❛♥❞ ✭■■■✮ t❤❡ s♦✐❧ ❤❡❛t ✢✉① ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇ ❞❡♣t❤✳
❚❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✈❡❣❡t❛t✐♦♥ ♦❜s❡r✈❛t✐♦♥s ❛♥❞ ❡♥❡r❣② ❜✉❞❣❡t ❝♦♠♣♦♥❡♥ts ❞✐❞ ♥♦t
♦♥❧② ❛❧❧♦✇ t❤❡ ❞✐r❡❝t ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱ ❜✉t ❛❧s♦ s❡r✈❡❞ ❛s ✐♥♣✉t
❛♥❞ ✈❛❧✐❞❛t✐♦♥ ❞❛t❛ ❢♦r t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣✳
✾
✶ ■♥tr♦❞✉❝t✐♦♥
❚✉ss♦❝❦ s❡❞❣❡
●✹
❉✇❛r❢ ❜✐r❝❤
❙✶✲✶
▲✐❝❤❡♥✲r✐❝❤ s❤r✉❜
❙✶✲✷
▲♦✇ s❤r✉❜
❙✷
❲❡t s❡❞❣❡
❲✷✲✶
❉r② s❡❞❣❡
❲✷✲✷
P❡❛t ♠♦ss
❲✷✲✸
❲❛t❡r❧♦❣❣❡❞ s❡❞❣❡
❲✷✲✹
❋✐❣✉r❡ ✶✳✸✿ P❤♦t♦❣r❛♣❤s ♦❢ ❡✐❣❤t t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ❝❧❛ss❡s ✉s❡❞ ✐♥ t❤✐s st✉❞②✳
✶✵
✶✳✻ ■♥ s✐t✉ ♦❜s❡r✈❛t✐♦♥❛❧ ❛♥❞ ♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤❡s
❚❛❜❧❡ ✶✳✶✿ ❱❡❣❡t❛t✐♦♥ ❝❧❛ss❡s ❢r♦♠ t❤❡ ❝✐r❝✉♠♣♦❧❛r ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✭❲❛❧❦❡r
❡t ❛❧✳✱ ✷✵✵✺✮ ♣r❡s❡♥t ❛t t❤❡ st✉❞② s✐t❡❀ s✉❜✲❝❧❛ss❡s ✇❡r❡ ❞❡✜♥❡❞ ❢♦r t❤✐s st✉❞② ❜❛s❡❞
♦♥ ❞✐✛❡r❡♥❝❡s ✐♥ s♣❡❝✐❡s ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s✳
❈❧❛ss ❙✉❜✲
❝❧❛ss
❉❡s❝r✐♣t✐♦♥ ❈❛♥♦♣②
❤❡✐❣❤t
❈❤❛r❛❝t❡r✐st✐❝ s♣❡❝✐❡s
●✹ ❚✉ss♦❝❦ s❡❞❣❡✱ ❞✇❛r❢ s❤r✉❜✱ ♠♦ss t✉♥✲
❞r❛
<40 cm ❊r✐♦♣❤♦r✉♠ ✈❛❣✐♥❛t✉♠✱
❱❛❝❝✐♥✐✉♠ s♣✳
P✶ Pr♦str❛t❡ ❞✇❛r❢ s❤r✉❜✱ ❤❡r❜ t✉♥❞r❛
✭<✽✵✪ ❝♦✈❡r✱ ❞r②✮
<10 cm ❉r②❛s ♦❝t♦♣❡t❛❧❛
P✷ Pr♦str❛t❡✴❤❡♠✐♣r♦str❛t❡ ❞✇❛r❢ s❤r✉❜
t✉♥❞r❛ ✭✹✵✕✶✵✵✪ ❝♦✈❡r✮
<20 cm ❈❛ss✐♦♣❡ t❡tr❛❣♦♥❛
❙✶ ❊r❡❝t ❞✇❛r❢ s❤r✉❜ t✉♥❞r❛ <40 cm
❙✶✲✶ ✲ ❝❧♦s❡❞ s❤r✉❜ ❝❛♥♦♣② ❇❡t✉❧❛ ♥❛♥❛✱ ❙❛❧✐① ♣✉❧❝❤r❛
❙✶✲✷ ✲ s❝❛tt❡r❡❞ s❤r✉❜s✱ ❧✐❝❤❡♥✲r✐❝❤ ❱❛❝❝✐♥✐✉♠ ✈✐t✐s✲✐❞❛❡❛✱
♠♦ss❡s✱ ❧✐❝❤❡♥
❙✷ ▲♦✇ s❤r✉❜ t✉♥❞r❛ ✭♠♦✐st✮ >40 cm ❙❛❧✐① ♣✉❧❝❤r❛
❲✷ ❙❡❞❣❡✱ ♠♦ss✱ ❞✇❛r❢ s❤r✉❜ ✇❡t❧❛♥❞ <40 cm
❲✷✲✶ ✲ ✇❡t✱ ❞❡♥s❡✱ ❣r❡❡♥ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠
❲✷✲✷ ✲ ❞r✐❡r✱ ♠♦r❡ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐✲
❢♦❧✐✉♠✱ ❙♣❤❛❣♥✉♠ s♣✳
❲✷✲✸ ✲ ♠♦st❧② ♠♦ss ❙♣❤❛❣♥✉♠ s♣✳
❲✷✲✹ ✲ ✇❛t❡r❧♦❣❣❡❞✱ ❢❡✇ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❈❛r❡① s♣✳
■♥ ♠② ✐♥ s✐t✉ ♦❜s❡r✈❛t✐♦♥s✱ ■ s❡t ✉♣ t✇♦ ❛✉t♦♠❛t✐❝ ♠❡❛s✉r❡♠❡♥t st❛t✐♦♥s✱ ❝❛r✲
r✐❡❞ ♦✉t s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ♠❡❛s✉r❡♠❡♥ts ♦♥ ❛❞❞✐t✐♦♥❛❧ ♣❧♦ts✱ ❞✐❞ ❢✉rt❤❡r ❛✉①✐❧✐❛r②
♠❡❛s✉r❡♠❡♥ts✱ ♠❛♣♣❡❞ ✈❡❣❡t❛t✐♦♥ r❡❢❡r❡♥❝❡ ♣♦✐♥ts✱ ❛♥❞ ♦❜t❛✐♥❡❞ ♦rt❤♦♣❤♦t♦s ✭❋✐❣✲
✉r❡ ✶✳✹✮✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ ❛❧❧ ♠❡❛s✉r❡❞ ✈❛r✐❛❜❧❡s ✐s ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ❆✳✶ ✐♥ t❤❡
❛♣♣❡♥❞✐①✳
❆✉t♦♠❛t✐❝ st❛t✐♦♥s ✇❡r❡ ✐♥st❛❧❧❡❞ t♦ ♠❡❛s✉r❡ t✐♠❡ s❡r✐❡s ♦❢ ❡♥❡r❣② ❜✉❞❣❡t ❝♦♠✲
♣♦♥❡♥ts✱ t❡♠♣❡r❛t✉r❡ ❛♥❞ s♦✐❧ ♠♦✐st✉r❡✳ ❯s✐♥❣ t✐♠❡ s❡r✐❡s✱ ■ ❛♥❛❧②s❡❞ t❤❡
❡✛❡❝ts ♦❢ ❝❧♦✉❞ ❝♦✈❡r ❛♥❞ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡ ❛♥❞ ■ ♦❜t❛✐♥❡❞ ❡st✐♠❛t❡s ♦❢ s❡❛✲
s♦♥❛❧ ❛✈❡r❛❣❡s✳ ■ ✐♥st❛❧❧❡❞ t✇♦ ❛✉t♦♠❛t✐❝ ♠❡❛s✉r❡♠❡♥t st❛t✐♦♥s✱ ♦♥❡ ✐♥ t❤❡
❝❡♥tr❡ ♦❢ ❛ ❞✇❛r❢ s❤r✉❜ ❛♥❞ t❤❡ s❡❝♦♥❞ ✐♥ t❤❡ ❝❡♥tr❡ ♦❢ ❛ ✇❡t s❡❞❣❡ ♣❛t❝❤ ✭❋✐❣✲
✉r❡ ✶✳✷❝✮✳ ❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ✐♥❝❧✉❞❡❞ t❤❡ ❛❜♦✈❡ ❝❛♥♦♣② r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
✭❋✐❣✉r❡ ✶✳✹❛✱❜✮✱ ❜❡❧♦✇ ❝❛♥♦♣② s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✭❋✐❣✉r❡ ✶✳✹❝✱❞✮✱ ❛✐r t❡♠✲
♣❡r❛t✉r❡ ❛t ❞✐✛❡r❡♥t ❤❡✐❣❤ts ❛❜♦✈❡ ❝❛♥♦♣② ✭❋✐❣✉r❡ ✶✳✹❢✮✱ s♦✐❧ t❡♠♣❡r❛t✉r❡ ✐♥
❞✐✛❡r❡♥t ❞❡♣t❤s✱ s♦✐❧ ❤❡❛t ✢✉① ❛t 10 cm ❞❡♣t❤ ✭❋✐❣✉r❡ ✶✳✹s✮✱ ❛♥❞ s♦✐❧ ♠♦✐st✉r❡✳
❘❛❞✐❛t✐♦♥ ✐♥str✉♠❡♥ts ✇❡r❡ ✜①❡❞ t♦ ♦♥❡ tr✐♣♦❞ ♣❡r ♣❛t❝❤ ❛t 1.5m ❛❜♦✈❡ t❤❡
❝❛♥♦♣②✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t✇♦ ❛✉t♦♠❛t✐❝ ❝❛♠❡r❛s r❡❝♦r❞❡❞ s♥♦✇ ♠❡❧t t✐♠✐♥❣ ❛♥❞
✈❡❣❡t❛t✐♦♥ ♣❤❡♥♦❧♦❣② ❛t ❡❛❝❤ ❧♦❝❛t✐♦♥✳ ❆✐r t❡♠♣❡r❛t✉r❡ ✇❛s ♠❡❛s✉r❡❞ 9m
❛✇❛② ❢r♦♠ t❤❡ tr✐♣♦❞ ❛t t❤❡ ❞❛t❛❧♦❣❣❡r ❧♦❝❛t✐♦♥s✳ ❙♦✐❧ t❡♠♣❡r❛t✉r❡✱ ♠♦✐st✉r❡✱
✶✶
✶ ■♥tr♦❞✉❝t✐♦♥
✭❛✮ ✭❜✮
✭❝✮ ✭❞✮ ✭❡✮
✭❢✮ ✭❣✮ ✭❤✮
✭✐✮ ✭❥✮ ✭❦✮
❋✐❣✉r❡ ✶✳✹✿ P❤♦t♦❣r❛♣❤s ♦❢ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✿ ✭❛✱❜✮ ❛❜♦✈❡ ❝❛♥♦♣② r❛❞✐❛t✐♦♥✱ ✭❝✱❞✮
❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡✱ ✭❡✮ s♦✐❧ ❤❡❛t ✢✉① ❛♥❞ t❡♠♣❡r❛t✉r❡✱ ✭❢✮ ❛✐r t❡♠♣❡r❛t✉r❡ ❛♥❞
❞❛t❛❧♦❣❣❡r ❜♦①✱ ✭❣✮ ♦rt❤♦♣❤♦t♦s ✉s✐♥❣ ❛ ❞r♦♥❡✱ ✭❤✮ ❝❛♥♦♣② s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡✱ ✭✐✱❥✮
❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✉s✐♥❣ ❛ ♣♦✐♥t q✉❛❞r❛t✱ ❛♥❞ ✭❦✮ ❞❡str✉❝t✐✈❡ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✉s✐♥❣
s❝❛♥♥❡❞ ❧❡❛✈❡s ✭♣✐❝t✉r❡s ❣✱❤ ❜② ❇✐♥❣①✐ ▲✐✮✳
✶✷
✶✳✻ ■♥ s✐t✉ ♦❜s❡r✈❛t✐♦♥❛❧ ❛♥❞ ♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤❡s
❛♥❞ ❤❡❛t ✢✉① s❡♥s♦rs ✇❡r❡ ❜✉r✐❡❞ ✇✐t❤✐♥ 7m ❢r♦♠ t❤❡ ❞❛t❛❧♦❣❣❡r ❧♦❝❛t✐♦♥s✳
◆✐♥❡ ❜❡❧♦✇ ❝❛♥♦♣② s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ s❡♥s♦rs ✇❡r❡ ✐♥st❛❧❧❡❞ ✐♥ t❤❡ ❜❡❣✐♥♥✐♥❣
♦❢ ❡❛❝❤ ❣r♦✇✐♥❣ s❡❛s♦♥✱ ❢♦✉r ❜❡❧♦✇ ✇❡t s❡❞❣❡s ❛♥❞ ✜✈❡ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✳
▼♦r❡ ❞❡t❛✐❧s ♦♥ t❤❡ s❡t ✉♣✱ ✐♥❝❧✉❞✐♥❣ ❛ s❝❤❡♠❛t✐❝ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ❧♦❝❛t✐♦♥s
✭❋✐❣✉r❡ ❆✳✷✮ ❛♥❞ t❛❜❧❡s ✇✐t❤ ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ s❡♥s♦rs ✉s❡❞ ✭❚❛❜❧❡s
❆✳✷✕❆✳✹✮ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❛♣♣❡♥❞✐①✳
❚❤❡ r❛❞✐❛t✐♦♥ ❞❛t❛ s❡r✐❡s ❝♦✈❡rs ✵✼ ❏✉❧② ✕ ✸✶ ❆✉❣✉st ✷✵✶✸✱ ✶✶ ▼❛② ✕ ✶✼ ❆✉❣✉st
✷✵✶✹✱ ❛♥❞ ✷✺ ❆♣r✐❧ ✕ ✵✾ ❏✉❧② ✷✵✶✺✳ ❚❤❡ s♦✐❧ ✢✉① ❞❛t❛ ❜❡❣✐♥ t❡♥ ❞❛②s ❧❛t❡r ✐♥
✷✵✶✸ ❛♥❞ s♣❛♥ t❤❡ s❛♠❡ ♣❡r✐♦❞ ❛s r❛❞✐❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✐♥ ✷✵✶✹ ❛♥❞ ✷✵✶✺✳
❙♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ✉s❡❞ t♦ ♦❜t❛✐♥ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ❛♥❞
t♦ ❛ss❡ss ✇❤❡t❤❡r ♦r ♥♦t t❤❡ ❛✉t♦♠❛t✐❝ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ r❡♣r❡s❡♥t❛t✐✈❡ ❢♦r
t❤❡ r❡s♣❡❝t✐✈❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛t t❤❡ ❛✉t♦♠❛t✐❝ st❛t✐♦♥s ✭❋✐❣✉r❡ ✶✳✷❝✮✳ ■
♠❡❛s✉r❡❞ ♠✉❧t✐♣❧❡ ✈❛r✐❛❜❧❡s ❛t ❡✐❣❤t ♣❧♦ts ♦❢ 1m × 1m ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡✳
❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ r❡♣❡❛t❡❞ s❡✈❡r❛❧ t✐♠❡s ❞✉r✐♥❣ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥s
♦❢ ✷✵✶✸ ❛♥❞ ✷✵✶✹✳ ❚❤❡ ✈❛r✐❛❜❧❡s ✐♥ q✉❡st✐♦♥ ✇❡r❡ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❛r❡❛ ✐♥✲
❞❡① ✭❋✐❣✉r❡ ✶✳✹✐✱❥✮✱ ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r ♦❢ ❜❛❝❦❣r♦✉♥❞ t②♣❡s ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✱
❆❝t✐✈❡ ▲❛②❡r ❚❤✐❝❦♥❡ss ✭❆▲❚✮✱ ❝❛♥♦♣② ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t✱ tr❛♥s✲
♠✐tt❡❞ P❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❆❝t✐✈❡ ❘❛❞✐❛t✐♦♥ ✭P❆❘✮ ❜❡❧♦✇ ❝❛♥♦♣②✱ ❛♥❞ s♣❡❝tr❛❧
r❡✢❡❝t❛♥❝❡ ✭❋✐❣✉r❡ ✶✳✹❤✮✳
❆✉①✐❧✐❛r② ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♥❡❡❞❡❞ ❢♦r ♠♦r❡ ❞❡t❛✐❧s ♦♥ ✈❡❣❡t❛t✐♦♥ ♣r♦♣❡rt✐❡s
❛s ✐♥♣✉t ♦❢ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣✱ ❢♦r ♠♦❞❡❧ ✈❛❧✐❞❛t✐♦♥✱ ❛♥❞ ❢♦r s♦✐❧
♣r♦♣❡rt✐❡s✳ ❆s t❤❡ ❛✉①✐❧✐❛r② ♠❡❛s✉r❡♠❡♥ts ✐♥✈♦❧✈❡❞ r❡♠♦✈✐♥❣ ✈❡❣❡t❛t✐♦♥✱ t❤❡②
✇❡r❡ ❞♦♥❡ ♥❡❛r❜② t❤❡ ♣❡r♠❛♥❡♥t ♣❧♦ts✳ ■ t♦♦❦ s✐① ❞✐✛❡r❡♥t ❦✐♥❞s ♦❢ ❛✉①✐❧✐❛r②
♠❡❛s✉r❡♠❡♥ts✱ ❛❧❧ ❢♦r ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s✳ ✭■✮ ■ t♦♦❦ ❞❡str✉❝t✐✈❡ ♠❡❛✲
s✉r❡♠❡♥ts ♦❢ ❧❡❛❢✱ ✇♦♦❞✱ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ t♦ ❝❛❧✐❜r❛t❡ t❤❡ s♣❛t✐❛❧❧②
❞✐str✐❜✉t❡❞ ♠❡❛s✉r❡♠❡♥ts ✭❋✐❣✉r❡ ✶✳✹❦✮✳ ❚❤✐s ✐♥✈♦❧✈❡❞ ❝✉tt✐♥❣ ✈❡❣❡t❛t✐♦♥✱
s❡♣❛r❛t✐♥❣ t❤❡ ❜✐♦♠❛ss ❜② s♣❡❝✐❡s ❛♥❞ ♦r❣❛♥✱ s❝❛♥♥✐♥❣ ❛ s✉❜s❡t✱ ❞r②✐♥❣✱ ❛♥❞
✇❡✐❣❤✐♥❣✳ ✭■■✮ ■ ♠❡❛s✉r❡❞ ❧❡❛❢✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢✱ ❛♥❞ ✇♦♦❞ ♦♣t✐❝❛❧ ♣r♦♣✲
❡rt✐❡s✳ ✭■■■✮ ■ t♦♦❦ ❧❡✈❡❧❧❡❞ ♣❤♦t♦❣r❛♣❤s ♦❢ t❤❡ ❝❛♥♦♣② t♦ ❡st✐♠❛t❡ t❤❡ ❧❡❛❢✱
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢✱ ❛♥❞ ✇♦♦❞ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥s✳ ✭■❱✮ ■ ♠❡❛s✉r❡❞ ❝❛♥♦♣②
P❆❘ tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡ ❞❡♣❡♥❞✐♥❣ ♦♥ s✉♥ ❛♥❣❧❡ ❛♥❞ ❢r❛❝✲
t✐♦♥ ♦❢ ❞✐✛✉s❡ ❧✐❣❤t✳ ✭❱✮ ■ ♠❡❛s✉r❡❞ ❝❛♥♦♣② P❆❘ tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ s♣❡❝tr❛❧
r❡✢❡❝t❛♥❝❡ ❞❡♣❡♥❞✐♥❣ ♦♥ ❝❛♥♦♣② ❞❡♥s✐t② ❜② s❡q✉❡♥t✐❛❧❧② r❡♠♦✈✐♥❣ ♣❛rts ♦❢ t❤❡
❜✐♦♠❛ss ❛♥❞ t❛❦✐♥❣ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❜❡t✇❡❡♥✳ ✭❱■✮ ■ ♠❡❛s✉r❡❞ s♦✐❧ t❤❡r♠❛❧
♣r♦♣❡rt✐❡s ❛t t❤❡ ❧♦❝❛t✐♦♥s ♦❢ t❤❡ s♦✐❧ ❤❡❛t ✢✉① ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ✐♥ ♦♥❡ s♦✐❧
♣✐t ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡ ✭❑❉✷ P❘❖✱ ❉❡❝❛❣♦♥ ❉❡✈✐❝❡s✮✳
❱❡❣❡t❛t✐♦♥ r❡❢❡r❡♥❝❡ ♣♦✐♥ts ✇❡r❡ ✉s❡❞ ❢♦r tr❛✐♥✐♥❣ ❛♥❞ ✈❛❧✐❞❛t✐♥❣ t❤❡ ✈❡❣❡t❛t✐♦♥
♠❛♣✳ ❘❡❢❡r❡♥❝❡ ♣♦✐♥ts ♦❢ ❞✐✛❡r❡♥t ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇❡r❡ t❛❦❡♥ ✇✐t❤✐♥ t❤❡
✶✸
✶ ■♥tr♦❞✉❝t✐♦♥
❧❛r❣❡r st✉❞② ❛r❡❛ ✭❋✐❣✉r❡ ✶✳✸✱ ❚❛❜❧❡ ✶✳✶✮✳ ■ r❡❝♦r❞❡❞ t❤❡ ●P❙ ❝♦♦r❞✐♥❛t❡ ✐♥
t❤❡ ♠✐❞❞❧❡ ♦❢ r❡♣r❡s❡♥t❛t✐✈❡ ✈❡❣❡t❛t✐♦♥ ♣❛t❝❤❡s ❛♥❞ ♥♦t❡❞ t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡
❛♥❞ t❤❡ r❛❞✐✉s t❤✐s t②♣❡ ✇❛s ❝♦✈❡r✐♥❣ ❛r♦✉♥❞ t❤❡ ♣♦✐♥t✳
❖rt❤♦♣❤♦t♦s ✇❡r❡ ✉s❡❞ t♦ ❝♦♠♣✉t❡ ❛ ❞✐❣✐t❛❧ s✉r❢❛❝❡ ♠♦❞❡❧✱ ❛ ◆❉❱■ ✭♥♦r♠❛❧✐s❡❞
❞✐✛❡r❡♥❝❡ ✈❡❣❡t❛t✐♦♥ ✐♥❞❡①✮ ♠❛♣✱ ❛♥❞ t❤❡ s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡ ❢♦r ✈❡❣❡t❛t✐♦♥
♠❛♣♣✐♥❣✳ ❚❤❡ ♦rt❤♦♣❤♦t♦s ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ❛♥ ❡❇❡❡ ✭s❡♥s❡❋❧②✮ ❞r♦♥❡ ❞✉r✲
✐♥❣ t❤❡ s✉♠♠❡r ♦❢ ✷✵✶✹ ✭❋✐❣✉r❡s ✶✳✷❜✱ ✶✳✹❣✮✳ ✸✺ ♦❢ ✹✾ ✢✐❣❤ts ♣r♦✈✐❞❡❞ ✉s❛❜❧❡
♣✐❝t✉r❡s ✇✐t❤ ♦♥❡ ♦❢ t❤❡ t❤r❡❡ ❝❛♠❡r❛s✱ ♦♥❡ ❵♥♦r♠❛❧✬ r❡❞✲❣r❡❡♥✲❜❧✉❡ ❝❛♠❡r❛✱
❛ r❡❞ ❡❞❣❡ ❝❛♠❡r❛✱ ❛♥❞ ❛ ♥❡❛r ✐♥❢r❛✲r❡❞ ❝❛♠❡r❛✳ ■♥ t♦t❛❧✱ ■ ❣♦t ✹✻✶✶ ✉s❛❜❧❡
r❡❞✲❣r❡❡♥✲❜❧✉❡ ♣✐❝t✉r❡s✱ ✷✺✸✻ r❡❞ ❡❞❣❡✱ ❛♥❞ ✹✽✵ ♥❡❛r ✐♥❢r❛✲r❡❞ ♣✐❝t✉r❡s✳ ❚❤❡
s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ✇❛s ❛❜♦✉t 4 cmpixel−1✳
■♥ ❛❞❞✐t✐♦♥ t♦ ♠② ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✱ ■ ✉s❡❞ ✜❡❧❞ ❞❛t❛ ❝♦♥❝❡✐✈❡❞ ❛♥❞ ❝♦❧❧❡❝t❡❞ ❜②
❆♥❣❡❧❛ ▼✳ ❊r❜ ❞✉r✐♥❣ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ✷✵✶✷ ✭❊r❜✱ ✷✵✶✸✮✳ ❚❤✐s ❞❛t❛ ❝♦✈❡r❡❞
❡①♣❡r✐♠❡♥t❛❧ tr❡❛t♠❡♥ts ♦❢ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣✐❡s ✇✐t❤ r❡❞✉❝❡❞ s❤r✉❜ ❞❡♥s✐t✐❡s ❛♥❞
❤❡✐❣❤ts✳ ❋✉rt❤❡r♠♦r❡✱ ■ ❛♥❛❧②s❡❞ s♣❡❝tr❛❧ ❝❛♥♦♣② r❡✢❡❝t❛♥❝❡ ♠❡❛s✉r❡❞ ❜② ●❛❜r✐❡❧❛
❙❝❤❛❡♣♠❛♥✲❙tr✉❜ ✐♥ ✷✵✵✽✳ ▼❛✐t❛♥❡ ■t✉rr❛t❡✲●❛r❝✐❛ ❝♦♥tr✐❜✉t❡❞ ❧❡❛❢ ❛r❡❛✱ ❧❡❛❢ ❛♥❣❧❡✱
❛♥❞ ❧❡❛❢ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ❞❛t❛ ♦❢ ❊r✐♦♣❤♦r✉♠ ✈❛❣✐♥❛t✉♠ ❛♥❞ ❙❛❧✐① ♣✉❧❝❤r❛✳
■ ✉s❡❞ t❤❡ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❉❆❘❚ t♦ ❡①t❡♥❞ t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡
✜❡❧❞ t♦ s✐t✉❛t✐♦♥s ✇✐t❤ ❞✐✛❡r❡♥t ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ❛♥❞ ❢r♦♠ t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s t♦
s❡✈❡♥ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞ ✇❛t❡r ✭●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ❡t ❛❧✳✱ ✷✵✵✹✮✳ ■ ♣❛r❛♠❡tr✐s❡❞
❛♥❞ ✈❛❧✐❞❛t❡❞ t❤❡ ♠♦❞❡❧ ✉s✐♥❣ t❤❡ ✜❡❧❞ ❞❛t❛ ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✳ ❉❛t❛ ❛♥❛❧②s✐s ✇❛s
♣❡r❢♦r♠❡❞ ✉s✐♥❣ ▼❆❚▲❆❇ ✭❱❡rs✐♦♥ ❘✷✵✶✺❛✮✱ ❘ ✭❘ ❈♦r❡ ❚❡❛♠✱ ✷✵✶✺✱ ❱❡rs✐♦♥ ✸✳✷✳✸✮✱
❆r❝●■❙ ✭❱❡rs✐♦♥ ✶✵✳✷✮✱ ❊◆❱■ ✭❱❡rs✐♦♥ ✺✳✷✮✱ ❛♥❞ P♦st✢✐❣❤t❚❡rr❛ ✸❉ ✭❱❡rs✐♦♥ ✹✳✵✳✽✸✮✳
✶✳✼ ❘❡s❡❛r❝❤ q✉❡st✐♦♥s ❛♥❞ ♦✉t❧✐♥❡
❚❤❡ ❞❛t❛ ❛♥❞ ❛♥❛❧②s✐s ❝♦♥tr✐❜✉t❡❞ t♦ ❛♥s✇❡r✐♥❣ t❤❡ ❢♦✉r ♠❛✐♥ r❡s❡❛r❝❤ q✉❡st✐♦♥s
♦❢ t❤✐s t❤❡s✐s ❧❡❛❞✐♥❣ t♦ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ t✉♥❞r❛
✈❡❣❡t❛t✐♦♥✳
✶✳ ❲❤❛t ✐s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ s♦❧❛r r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ t✇♦ ✇✐❞❡s♣r❡❛❞
t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s ✭❈❤❛♣t❡r ✷✮❄
✷✳ ❍♦✇ ❞♦❡s t❤❡ s♦❧❛r r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ✐♥✢✉❡♥❝❡ s♦✐❧ ❤❡❛t
✢✉① ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇ ✭❈❤❛♣t❡r ✷✮❄
✸✳ ❍♦✇ ❞♦ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ❛✛❡❝t t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
✭❈❤❛♣t❡r ✸✮❄
✹✳ ❍♦✇ ❞♦❡s ✈❡❣❡t❛t✐♦♥ ❤❡t❡r♦❣❡♥❡✐t② ✐♥✢✉❡♥❝❡ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
❛t t❤❡ ❧♦❝❛❧ ❛♥❞ t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡ ✭❈❤❛♣t❡r ✹✮❄
✶✹
✶✳✼ ❘❡s❡❛r❝❤ q✉❡st✐♦♥s ❛♥❞ ♦✉t❧✐♥❡
■ ❛❞❞r❡ss t❤❡s❡ ❢♦✉r q✉❡st✐♦♥s ✉s✐♥❣ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❛♥❞
r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣✳ ■♥ ❈❤❛♣t❡r ✷✱ ■ ♣r❡s❡♥t t❤❡ r❡s✉❧t ♦❢ r❛❞✐❛t✐♦♥ ❛♥❞
s♦✐❧ ❤❡❛t ✢✉① t✐♠❡ s❡r✐❡s ♦♥ ❞✇❛r❢ s❤r✉❜ ✭❇❡t✉❧❛ ♥❛♥❛✮ ❛♥❞ ✇❡t s❡❞❣❡ ✭❊r✐♦♣❤♦r✉♠
❛♥❣✉st✐❢♦❧✐✉♠✮ ❝❛♥♦♣✐❡s✳ ■ q✉❛♥t✐❢② t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ✇❡t s❡❞❣❡ ❛♥❞ ❞✇❛r❢
s❤r✉❜ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❢♦r t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛♥❞ t❤❡ s♥♦✇♠❡❧t ♣❡r✐♦❞ ❛♥❞ ❞✐s❝✉ss
t❤❡ r❡❧❛t✐✈❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❞✐✛❡r❡♥❝❡s ✐♥ ❛❧❜❡❞♦✱ s♦✐❧ s❤❛❞✐♥❣✱ ❛♥❞ s♦✐❧ ♣r♦♣❡rt✐❡s
❢♦r ♣❡r♠❛❢r♦st t❤❛✇✳ ■♥ ❈❤❛♣t❡r ✸✱ ■ ✉s❡ ✜❡❧❞ ❞❛t❛ ❢r♦♠ ✷✵✶✷ ✭❊r❜✱ ✷✵✶✸✮ ❢♦r
✐♥♣✉t ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ♦❢ ❛ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ✭❉❆❘❚✮✳ ❯s✐♥❣ t❤✐s ♠♦❞❡❧✱ ■
q✉❛♥t✐❢② t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ❞✇❛r❢ s❤r✉❜ ✭❇❡t✉❧❛ ♥❛♥❛✮ ❝❛♥♦♣✐❡s ✇✐t❤ ✈❛r✐❛❜❧❡
❧❡❛❢ ❛♥❞ ✇♦♦❞② ❛r❡❛✳ ■ ❛♥❛❧②s❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❧❡❛✈❡s ❛♥❞ ✇♦♦❞② ♣❛rts s❡♣❛r❛t❡❧②
❛♥❞ t❡st ❞✐✛❡r❡♥t ♠♦❞❡❧ ♣❛r❛♠❡tr✐s❛t✐♦♥s✳ ❈❤❛♣t❡r ✹ ❜r♦❛❞❡♥s t❤❡ ❢♦❝✉s ❢r♦♠ t✇♦
✈❡❣❡t❛t✐♦♥ t②♣❡s t♦ ❛❧❧ ❝♦♠♠♦♥ t②♣❡s ♣r❡s❡♥t ❛t t❤❡ st✉❞② s✐t❡✳ ❇❛s❡❞ ♦♥ ❞❡t❛✐❧❡❞
✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ♦rt❤♦♣❤♦t♦s✱ ■ ♣❛r❛♠❡tr✐s❡ t❤❡ ❉❆❘❚ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r
♠♦❞❡❧ ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✳ ■ q✉❛♥t✐❢② t❤❡ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t ❢♦r ❛❧❧ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞ ❡✈❛❧✉❛t❡ ✇❤✐❝❤ ❢❛❝t♦rs ❝♦♥tr✐❜✉t❡ ♠♦st t♦ t❤❡
s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ ❛❧❜❡❞♦✱ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ ❧✐❣❤t ❛❜s♦r❜❡❞ ❜② t❤❡ ❝❛♥♦♣②✳
■ s✉♠♠❛r✐s❡ ♠② ♠❡t❤♦❞s✱ r❡s✉❧ts✱ ❛♥❞ ❝♦♥❝❧✉s✐♦♥s ✐♥ t❤❡ t❤r❡❡ ♠❛✐♥ ❝❤❛♣t❡rs ♦❢ t❤✐s
t❤❡s✐s✳ ❋✐♥❛❧❧②✱ ■ ❞✐s❝✉ss t❤❡ ♠♦st ✐♠♣♦rt❛♥t ✜♥❞✐♥❣s ♦❢ ❛❧❧ ❝❤❛♣t❡rs ❛♥❞ s♦♠❡
❛❞❞✐t✐♦♥❛❧ ♦❜s❡r✈❛t✐♦♥s ✐♥ t❤❡ s②♥t❤❡s✐s ✭❈❤❛♣t❡r ✺✮✳ ❚❤❡ t❤❡s✐s ✐s ❝♦♠♣❧❡t❡❞ ✇✐t❤
❆♣♣❡♥❞✐① ❆ ❞❡s❝r✐❜✐♥❣ t❤❡ ✐♥ s✐t✉ ♠❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s ✐♥ ♠♦r❡
❞❡t❛✐❧ ❛♥❞ ❆♣♣❡♥❞✐① ❇ ♦♥ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ✈❛❧✐❞❛t✐♦♥✳
✶✺

✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥
❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
■♥❣❡ ❏✉s③❛❦✶✱ ❲❡r♥❡r ❊✉❣st❡r✷✱ ▼♦♥✐q✉❡ ▼✳ P✳ ❉✳ ❍❡✐❥♠❛♥s✸✱ ❛♥❞ ●❛❜r✐❡❧❛
❙❝❤❛❡♣♠❛♥✲❙tr✉❜✶
❆❜str❛❝t
❱❡❣❡t❛t✐♦♥ ❝❤❛♥❣❡s✱ s✉❝❤ ❛s s❤r✉❜ ❡♥❝r♦❛❝❤♠❡♥t ❛♥❞ ✇❡t❧❛♥❞ ❡①♣❛♥s✐♦♥✱ ❤❛✈❡ ❜❡❡♥
♦❜s❡r✈❡❞ ✐♥ ♠❛♥② ❆r❝t✐❝ t✉♥❞r❛ r❡❣✐♦♥s✳ ❚❤❡s❡ ❝❤❛♥❣❡s ❢❡❡❞ ❜❛❝❦ t♦ ♣❡r♠❛❢r♦st
❛♥❞ ❝❧✐♠❛t❡✳ P❡r♠❛❢r♦st ❝❛♥ ❜❡ ♣r♦t❡❝t❡❞ ❜② s♦✐❧ s❤❛❞✐♥❣ t❤r♦✉❣❤ ✈❡❣❡t❛t✐♦♥ ❛s ✐t
r❡❞✉❝❡s t❤❡ ❛♠♦✉♥t ♦❢ s♦❧❛r ❡♥❡r❣② ❛✈❛✐❧❛❜❧❡ ❢♦r t❤❛✇✐♥❣✳ ❘❡❣✐♦♥❛❧ ❝❧✐♠❛t❡ ❝❛♥ ❜❡
❛✛❡❝t❡❞ ❜② ❛ r❡❞✉❝t✐♦♥ ✐♥ s✉r❢❛❝❡ ❛❧❜❡❞♦ ❛s ♠♦r❡ ❡♥❡r❣② ✐s ❛✈❛✐❧❛❜❧❡ ❢♦r ❛t♠♦s♣❤❡r✐❝
❛♥❞ s♦✐❧ ❤❡❛t✐♥❣✳ ❍❡r❡✱ ✇❡ ❝♦♠♣❛r❡❞ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ t✇♦ ❝♦♠♠♦♥
❆r❝t✐❝ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❞♦♠✐♥❛t❡❞ ❜② ❞✇❛r❢ s❤r✉❜s ✭❇❡t✉❧❛ ♥❛♥❛✮ ❛♥❞ ✇❡t
s❡❞❣❡s ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮ ✐♥ ◆♦rt❤✲❊❛st ❙✐❜❡r✐❛✳ ❲❡ ♠❡❛s✉r❡❞ t✐♠❡ s❡r✐❡s
♦❢ t❤❡ s❤♦rt✇❛✈❡ ❛♥❞ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛❜♦✈❡ t❤❡ ❝❛♥♦♣② ❛♥❞ tr❛♥s♠✐tt❡❞
r❛❞✐❛t✐♦♥ ❜❡❧♦✇ t❤❡ ❝❛♥♦♣②✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ q✉❛♥t✐✜❡❞ s♦✐❧ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❤❡❛t
✢✉① ❛s ✇❡❧❧ ❛s ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss✳ ❚❤❡ ♠❡❛♥ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦ ♦❢ ❞✇❛r❢
s❤r✉❜s ✇❛s 0.15± 0.01✱ ❢♦r s❡❞❣❡s ✐t ✇❛s ❤✐❣❤❡r ✭0.17± 0.02✮✳ ❉✇❛r❢ s❤r✉❜ tr❛♥s✲
♠✐tt❛♥❝❡ ✇❛s 0.36± 0.07 ♦♥ ❛✈❡r❛❣❡✱ ❛♥❞ s❡❞❣❡ tr❛♥s♠✐tt❛♥❝❡ ✇❛s 0.28± 0.08✳ ❚❤❡
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❝♦♥tr✐❜✉t❡❞ str♦♥❣❧② t♦ t❤❡ s♦✐❧ s❤❛❞✐♥❣ ♦❢ ✇❡t s❡❞❣❡s✳ ❉❡s♣✐t❡
❛ ❧♦✇❡r ❛❧❜❡❞♦ ❛♥❞ ❧❡ss s♦✐❧ s❤❛❞✐♥❣✱ t❤❡ s♦✐❧ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ❝♦♥❞✉❝t❡❞ ❧❡ss
❤❡❛t r❡s✉❧t✐♥❣ ✐♥ ❛ 17 cm s❤❛❧❧♦✇❡r ❛❝t✐✈❡ ❧❛②❡r ❛s ❝♦♠♣❛r❡❞ t♦ s❡❞❣❡s✳ ❚❤✐s r❡s✉❧t
✇❛s s✉♣♣♦rt❡❞ ❜② ❛❞❞✐t✐♦♥❛❧✱ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❜♦t❤ ✈❡❣❡t❛t✐♦♥
t②♣❡s✳ ❈❧♦✉❞s ✇❡r❡ ❛ ♠❛❥♦r ✐♥✢✉❡♥❝✐♥❣ ❢❛❝t♦r ❢♦r ❛❧❜❡❞♦ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡✱ ♣❛rt✐❝✲
✉❧❛r❧② ✐♥ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥✳ ❈❧♦✉❞ ❝♦✈❡r r❡❞✉❝❡❞ t❤❡ ❛❧❜❡❞♦ ❜② ✵✳✵✶ ✐♥ ❞✇❛r❢ s❤r✉❜s
❛♥❞ ❜② ✵✳✵✸ ✐♥ s❡❞❣❡s✱ ✇❤✐❧❡ tr❛♥s♠✐tt❛♥❝❡ ✇❛s ✐♥❝r❡❛s❡❞ ❜② ✵✳✵✽ ❛♥❞ ✵✳✶✵ ✐♥ ❞✇❛r❢
s❤r✉❜s ❛♥❞ s❡❞❣❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❖✉r r❡s✉❧ts s✉❣❣❡st t❤❛t t❤❡ ♦❜s❡r✈❡❞ ❞❡❡♣❡r ❛❝t✐✈❡
❧❛②❡r ❜❡❧♦✇ ✇❡t s❡❞❣❡s ✐s ♥♦t ♣r✐♠❛r✐❧② ❛ r❡s✉❧t ♦❢ t❤❡ s✉♠♠❡r ❝❛♥♦♣② r❛❞✐❛t✐♦♥
❜✉❞❣❡t✳ ❙♦✐❧ ♣r♦♣❡rt✐❡s✱ s✉❝❤ ❛s s♦✐❧ ❛❧❜❡❞♦✱ ♠♦✐st✉r❡✱ ❛♥❞ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t②✱
✶❉❡♣❛rt♠❡♥t ♦❢ ❊✈♦❧✉t✐♦♥❛r② ❇✐♦❧♦❣② ❛♥❞ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙t✉❞✐❡s✱ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤✱ ❲✐♥t❡rt❤✉r✲
❡rstr❛ss❡ ✶✾✵✱ ✽✵✺✼ ❩✉r✐❝❤✱ ❙✇✐t③❡r❧❛♥❞
✷■♥st✐t✉t❡ ♦❢ ❆❣r✐❝✉❧t✉r❛❧ ❙❝✐❡♥❝❡s✱ ❊❚❍ ❩✉r✐❝❤✱ ❯♥✐✈❡rs✐tätstr❛ss❡ ✷✱ ✽✵✾✷ ❩✉r✐❝❤✱ ❙✇✐t③❡r❧❛♥❞
✸P❧❛♥t ❊❝♦❧♦❣② ❛♥❞ ◆❛t✉r❡ ❈♦♥s❡r✈❛t✐♦♥✱ ❲❛❣❡♥✐♥❣❡♥ ❯♥✐✈❡rs✐t②✱ ❉r♦❡✈❡♥❞❛❛❧s❡st❡❡❣ ✸✱ ✻✼✵✽ P❇
❲❛❣❡♥✐♥❣❡♥✱ ❚❤❡ ◆❡t❤❡r❧❛♥❞s
✶✼
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
♠❛② ❜❡ ♠♦r❡ ✐♥✢✉❡♥t✐❛❧✱ ❛t ❧❡❛st ✐♥ ♦✉r ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❞✇❛r❢ s❤r✉❜ ✈❡❣❡t❛t✐♦♥
♦♥ r❡❧❛t✐✈❡❧② ❞r② ♣❛t❝❤❡s ❛♥❞ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ ✇✐t❤ ❤✐❣❤❡r s♦✐❧ ♠♦✐st✉r❡✳
❘❡♣r✐♥t❡❞ ❛s ✐♥ ❇✐♦❣❡♦s❝✐❡♥❝❡s ❉✐s❝✉ss✐♦♥s ✇✐t❤ r❡❢❡r❡♥❝❡s ♠❡r❣❡❞ ❛t t❤❡ ❡♥❞ ♦❢
t❤✐s t❤❡s✐s✿
■✳ ❏✉s③❛❦✱ ❲✳ ❊✉❣st❡r✱ ▼✳ ▼✳ P✳ ❉✳ ❍❡✐❥♠❛♥s ❛♥❞ ●✳ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜✱ ✷✵✶✻✱ ❈♦♥✲
tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛✱ ❇✐♦✲
❣❡♦s❝✐❡♥❝❡s ❉✐s❝✉ss✐♦♥s✱ ✶✕✷✹✱ ❞♦✐✿✶✵✳✺✶✾✹✴❜❣✲✷✵✶✻✲✹✶
✐♥ r❡✈✐❡✇ ❢♦r ❇✐♦❣❡♦s❝✐❡♥❝❡s
❚❤❡ t✐♠❡ s❡r✐❡s ❞❛t❛ ❛♥❞ ❝❛♥♦♣② str✉❝t✉r❛❧ ❛♥❞ r❛❞✐❛t✐✈❡ ♣r♦♣❡rt✐❡s ✉s❡❞ ❢♦r t❤✐s
✇♦r❦ ❛r❡ ❛✈❛✐❧❛❜❧❡ ❛t ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✺✾✹✴P❆◆●❆❊❆✳✽✻✵✺✻✶✳
■✳❏✳ ♣❛rt✐❝✐♣❛t❡❞ ✐♥ ❞❡s✐❣♥✐♥❣ t❤❡ st✉❞②✱ ♣❧❛♥♥❡❞ ❛♥❞ ❝❛rr✐❡❞ ♦✉t ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✱
♣❡r❢♦r♠❡❞ t❤❡ ❞❛t❛ ❛♥❛❧②s✐s✱ ❛♥❞ ✇r♦t❡ t❤❡ ♠❛♥✉s❝r✐♣t✳ ❲✳❊✳ ❝♦♥tr✐❜✉t❡❞ t♦ t❤❡
❞❛t❛ ❛♥❛❧②s✐s ❛♥❞ t♦ t❤❡ ♠❛♥✉s❝r✐♣t ♣r❡♣❛r❛t✐♦♥✳ ▼✳▼✳P✳❉✳❍✳ ❝♦♥tr✐❜✉t❡❞ t♦ ✇r✐t✐♥❣
t❤❡ ♠❛♥✉s❝r✐♣t ❛♥❞ ●✳❙✳✲❙✳ ❝♦♥❝❡✐✈❡❞ t❤❡ st✉❞② ❛♥❞ ♣r♦✈✐❞❡❞ ✐♥♣✉t ❢♦r t❤❡ ❞❛t❛
❛♥❛❧②s✐s ❛♥❞ t❤❡ ♠❛♥✉s❝r✐♣t✳
✶✽
✷✳✶ ■♥tr♦❞✉❝t✐♦♥
❘❡❝❡♥t ❝❧✐♠❛t❡ ✇❛r♠✐♥❣ ✐♥ t❤❡ ❆r❝t✐❝ ✭❙t♦❝❦❡r ❡t ❛❧✳✱ ✷✵✶✸✮ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ✐♥✲
❝r❡❛s✐♥❣ s❤r✉❜ ❛❜✉♥❞❛♥❝❡✱ ❝♦✈❡r✱ ❛♥❞ ❜✐♦♠❛ss ✐♥ ♠❛♥② r❡❣✐♦♥s ✭❚❛♣❡ ❡t ❛❧✳✱ ✷✵✵✻❀
▼②❡rs✲❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✶❀ ❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✶❜❀ ▼❝▼❛♥✉s ❡t ❛❧✳✱ ✷✵✶✷❀ ▲❛♥t③ ❡t ❛❧✳✱
✷✵✶✸❀ ❋r♦st ❛♥❞ ❊♣st❡✐♥✱ ✷✵✶✹✮✳ ❍♦✇❡✈❡r✱ ✈❡❣❡t❛t✐♦♥ ❝❛♥ ❝❤❛♥❣❡ ✐♥ ♠✉❧t✐♣❧❡ ❞✐r❡❝✲
t✐♦♥s ❛♥❞ ❛t ❧❛r❣❡r s❝❛❧❡s t❤❡ ❞♦♠✐♥❛♥❝❡ ♦❢ s❤r✉❜ t✉♥❞r❛ ♦r ✇❡t s❡❞❣❡ t✉♥❞r❛ ✐s
❝♦♥tr♦❧❧❡❞ ❜② s♦✐❧ ♠♦✐st✉r❡ ❛♥❞ s✉r❢❛❝❡ ❤②❞r♦❧♦❣②✳ ❲❤✐❧❡ ♣❡r♠❛❢r♦st ❝♦❧❧❛♣s❡ ❧❡❛❞s
t♦ ✇❡t❧❛♥❞ ❡①♣❛♥s✐♦♥ ✐♥ s♦♠❡ ❝♦♥t✐♥✉♦✉s ♣❡r♠❛❢r♦st r❡❣✐♦♥s ✭❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✵✺❀
❏♦r❣❡♥s♦♥ ❡t ❛❧✳✱ ✷✵✵✻❀ ▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷❀ ❙❝❤✉✉r ❡t ❛❧✳✱ ✷✵✶✺✮✱ ❞r②✐♥❣ ❤❛s ❜❡❡♥ ♦❜✲
s❡r✈❡❞ ✐♥ ♦t❤❡rs ✭❖❡❝❤❡❧ ❡t ❛❧✳✱ ✷✵✵✵❀ ❈❛rr♦❧❧ ❡t ❛❧✳✱ ✷✵✶✶❀ ❏♦♥❡s ❡t ❛❧✳✱ ✷✵✶✶❀ ▲✐♥
❡t ❛❧✳✱ ✷✵✶✷✮✳ ❙❤r✉❜ ❡♥❝r♦❛❝❤♠❡♥t ❧♦✇❡rs t❤❡ t✉♥❞r❛ ❛❧❜❡❞♦ ❛♥❞ t❤✉s ♣♦s✐t✐✈❡❧②
❢❡❡❞s ❜❛❝❦ t♦ ❣❧♦❜❛❧ ✇❛r♠✐♥❣ ✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✶❜❀ ▲❛✇r❡♥❝❡ ❛♥❞ ❙✇❡♥s♦♥✱ ✷✵✶✶❀
▲♦r❛♥t② ❛♥❞ ●♦❡t③ ✱ ✷✵✶✷✮✳ ❍♦✇❡✈❡r✱ ❧❛r❣❡r s❝❛❧❡ ❛t♠♦s♣❤❡r✐❝ ❡✛❡❝ts ❞♦ ♥♦t ❡①♣❧❛✐♥
✈❛r✐❛t✐♦♥s ♦❢ ♣❡r♠❛❢r♦st ❝♦♥❞✐t✐♦♥s ❛t t❤❡ ❧♦❝❛❧ s❝❛❧❡✱ ✇❤❡r❡ ✇❡t❧❛♥❞ ✈❡❣❡t❛t✐♦♥ ✐s
♦❢t❡♥ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❞❡❡♣❡r ❛❝t✐✈❡ ❧❛②❡rs ✭❆♥✐s✐♠♦✈ ❡t ❛❧✳✱ ✷✵✵✷❀ ▼✐ ❡t ❛❧✳✱ ✷✵✶✹✮✳
❉✇❛r❢ ❜✐r❝❤ ✭❇❡t✉❧❛ ♥❛♥❛✮ ♣r♦✜ts ♠♦r❡ t❤❛♥ ♦t❤❡r s♣❡❝✐❡s ❢r♦♠ ✇❛r♠✐♥❣ ✭❲❛❧❦❡r
❡t ❛❧✳✱ ✷✵✵✸❛✮ ❛♥❞ ❢❡rt✐❧✐s❛t✐♦♥ ✭❇r❡t✲❍❛rt❡ ❡t ❛❧✳✱ ✷✵✵✶❀ ❍♦❜❜✐❡ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ■t ✐s
❛ ❝♦♠♠♦♥ s♣❡❝✐❡s ✐♥ ♠❛♥② ❆r❝t✐❝ r❡❣✐♦♥s ✭❞❡ ●r♦♦t ❡t ❛❧✳✱ ✶✾✾✼✮ ❛♥❞ ❧✐❦❡❧② t♦ ❜❡
t❤❡ ♣r✐♠❛r② ❞r✐✈❡r ♦❢ s❤r✉❜ ❡①♣❛♥s✐♦♥ ✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✶❛✮✳ ❈♦♠♠♦♥ ❝♦tt♦♥❣r❛ss
✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮ ✐s ❛ ✇✐❞❡s♣r❡❛❞ ✇❡t s❡❞❣❡ s♣❡❝✐❡s ✭P❤✐❧❧✐♣s ✱ ✶✾✺✹✮✳ ■♥
❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♦t❤❡r s❡❞❣❡s✱ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ❞♦❡s ♥♦t str♦♥❣❧② ♣r♦✜t
❢r♦♠ ♥✉tr✐❡♥t ❛❞❞✐t✐♦♥ ♦r ✇❛r♠✐♥❣ ✭❙❤❛✈❡r ❡t ❛❧✳✱ ✶✾✾✽✮✳ ❍♦✇❡✈❡r✱ ✐t ❝❛♥ ❡①♣❛♥❞ ✐♥
❞✐st✉r❜❡❞ ❛r❡❛s ✭❈❤❛♣✐♥ ❛♥❞ ❙❤❛✈❡r ✱ ✶✾✽✶❀ ◆❛✉t❛ ❡t ❛❧✳✱ ✷✵✶✺✮ ❛♥❞ ✇❤❡r❡ t❤❡ s✉r❢❛❝❡
❣❡ts ✇❡tt❡r ❞✉❡ t♦ ❛❜r✉♣t ♣❡r♠❛❢r♦st t❤❛✇ ✭❙❝❤✉✉r ❡t ❛❧✳✱ ✷✵✶✺✮✳
❆r❝t✐❝ t✉♥❞r❛ ❡❝♦s②st❡♠s ❝♦♠♠♦♥❧② ❝♦♠♣r✐s❡ s♠❛❧❧ s❝❛❧❡ ✈❡❣❡t❛t✐♦♥ ♣❛tt❡r♥s ♦❢
s❤r✉❜s✱ ❣r❛♠✐♥♦✐❞s✱ ❛♥❞ ❝r②♣t♦❣❛♠s ❛ss♦❝✐❛t❡❞ ✇✐t❤ s♦✐❧ ♣❍ ❛♥❞ ♠♦✐st✉r❡ ✈❛r✐❛✲
t✐♦♥ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✵❛❀ ●❛♠♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❚❤✐s ✐♥tr❛✲❡❝♦s②st❡♠ ✈❛r✐❛❜✐❧✐t②
✐s r❡❧❡✈❛♥t ❢♦r t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛s ✐t ❝❛♥ ❤❛✈❡ str♦♥❣❡r ❡✛❡❝ts ♦♥ t❤❡ s✉♠♠❡r
❛❧❜❡❞♦ t❤❛♥ t❤❡ ❞✐✛❡r❡♥❝❡ ❛♠♦♥❣ ❜✐♦♠❡s✱ s✉❝❤ ❛s t✉♥❞r❛ ❛♥❞ ❜♦r❡❛❧ ❢♦r❡st ✭❈❤❛♣✐♥
❡t ❛❧✳✱ ✷✵✵✵❛❀ ❊✉❣st❡r ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❱❡❣❡t❛t✐♦♥ ❛❧t❡rs t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛t t❤❡
s♦✐❧ s✉r❢❛❝❡ ✇❤✐❝❤ ✐s ❝r✐t✐❝❛❧ ❢♦r t❤❡ ❣r♦✉♥❞ ❤❡❛t ✢✉① ❛♥❞ t❤✉s ❢♦r ♣❡r♠❛❢r♦st t❤❛✇
✭❏❛❝♦❜s❡♥ ❛♥❞ ❍❛♥s❡♥✱ ✶✾✾✾❀ ❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❙❤❛❧❧♦✇❡r t❤❛✇ ❞❡♣t❤s ❤❛✈❡
❜❡❡♥ ♦❜s❡r✈❡❞ ❜❡❧♦✇ s❤r✉❜ ❝❛♥♦♣✐❡s ❛s ❝♦♠♣❛r❡❞ t♦ ❜❡❧♦✇ ♦t❤❡r t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥
✭❆♥✐s✐♠♦✈ ❡t ❛❧✳✱ ✷✵✵✷❀ ❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✸❜✮✳ ❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✵✮ s✉❣❣❡st❡❞ t❤❛t t❤❡
♦✈❡r❛❧❧ ✇❛r♠✐♥❣ ❡✛❡❝t ♦❢ ❆r❝t✐❝ s❤r✉❜ ❡♥❝r♦❛❝❤♠❡♥t ❞✉❡ t♦ ❞❡❝r❡❛s✐♥❣ ❛❧❜❡❞♦ ❝❛♥
❜❡ ♠✐t✐❣❛t❡❞ ❜② s♦✐❧ s❤❛❞✐♥❣✳
❚❤❡ s✉r❢❛❝❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✐s str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② ❝❧♦✉❞ ❝♦✈❡r✱ ✇❤✐❝❤ r❡❞✉❝❡s
t❤❡ ❛♠♦✉♥t ♦❢ ✐♥❝♦♠✐♥❣ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❛♥❞ ✐♥❝r❡❛s❡s t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❞✐✛✉s❡
❧✐❣❤t✳ ❍✐❣❤ ❝❧♦✉❞ ❢r❛❝t✐♦♥s ❜❡t✇❡❡♥ ✻✺✪ ❛♥❞ ✾✵✪ ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ♦✈❡r ❆r❝t✐❝
✶✾
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
❧❛♥❞ s✉r❢❛❝❡s ❞✉r✐♥❣ t❤❡ s✉♠♠❡r ♠♦♥t❤s ✭❈✉rr② ❡t ❛❧✳✱ ✶✾✾✻❀ ❲❛♥❣ ❛♥❞ ❑❡② ✱ ✷✵✵✺❜❀
❉♦♥❣ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❘❡❝❡♥t❧②✱ ❆r❝t✐❝ ❝❧♦✉❞ ❝♦✈❡r ❤❛s ✐♥❝r❡❛s❡❞ ✭❲❛♥❣ ❛♥❞ ❑❡② ✱
✷✵✵✺❛✮ ❛♥❞ ❢✉rt❤❡r ✐♥❝r❡❛s❡ ✐s ❧✐❦❡❧② ❞✉❡ t♦ ❝❧✐♠❛t❡ ❝❤❛♥❣❡ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✺❀
❱❛✈r✉s ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❈❧♦✉❞② ❝♦♥❞✐t✐♦♥s r❡❞✉❝❡ t❤❡ ❛❧❜❡❞♦ ❛t s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s ♦❢
60➦ ♦r ♠♦r❡ ✭❨❛♥❣ ❡t ❛❧✳✱ ✷✵✵✽✮ ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ r❛❞✐❛t✐♦♥ ❢r❛❝t✐♦♥ r❡❛❝❤✐♥❣ t❤❡ s♦✐❧
❜❡❧♦✇ t❤❡ ✈❡❣❡t❛t✐♦♥ ✭❛t s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s ❛❜♦✈❡ 50➦✱ ▼❛❤❛t ❛♥❞ ❚❛r❜♦t♦♥✱ ✷✵✶✷✮✳
❚❤❡r❡❢♦r❡✱ ❝❤❛♥❣❡s ✐♥ ❝❧♦✉❞ ❝♦✈❡r ♣♦t❡♥t✐❛❧❧② ✐♠♣❛❝t t❤❡ t✉♥❞r❛ s✉r❢❛❝❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t ❛♥❞ ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ♣r❡❞✐❝t❡❞ ❝❤❛♥❣❡s ✐♥ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥✳
❋✉rt❤❡r♠♦r❡✱ ❛❞❞✐t✐♦♥❛❧ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ♣❧❛♥t✕s♦✐❧ s②st❡♠ ❛r❡ ❝❧♦s❡❧② ❧✐♥❦❡❞
✇✐t❤ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✳ ❋♦r ❡①❛♠♣❧❡✱ ✐t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t ❝❛♥♦♣② s❤❛❞✐♥❣
❛✛❡❝ts t❤❡ ❛❜✉♥❞❛♥❝❡ ❛♥❞ r✐❝❤♥❡ss ♦❢ ♠♦ss❡s ❛♥❞ ❧✐❝❤❡♥s✱ ✇❤✐❝❤ ❛r❡ s✉♣♣r❡ss❡❞ ❜②
✇❡❧❧✲❣r♦✇✐♥❣ ❞❡❝✐❞✉♦✉s s❤r✉❜s ✭✈❛♥ ❲✐❥❦ ❡t ❛❧✳✱ ✷✵✵✸❀❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✻✮✳ ▼♦r❡♦✈❡r✱
t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✐s ❧✐♥❦❡❞ ✇✐t❤ t❤❡ ❝❛r❜♦♥ ❝②❝❧❡✳ CO2 ✢✉①❡s ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡
❤✐❣❤❧② r❡❧❛t❡❞ t♦ ♥❡t r❛❞✐❛t✐♦♥ ✐♥ ❛♥ ❆r❝t✐❝ t✉ss♦❝❦ t✉♥❞r❛ s✐t❡ ✭❖❡❝❤❡❧ ❡t ❛❧✳✱ ✷✵✶✹✮✳
❉❡s♣✐t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ s❤❛❞✐♥❣ ❢♦r t❤❡ ♣❡r♠❛❢r♦st ❡♥❡r❣② ❜✉❞❣❡t ❛♥❞ ♣❧❛♥t
s♣❡❝✐❡s ❝♦♠♣❡t✐t✐♦♥✱ ✐t ✐s r❛r❡❧② ♠❡❛s✉r❡❞ ❜❡❧♦✇ ❞✐✛❡r❡♥t t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s✳
❲❤✐❧❡ s❡✈❡r❛❧ st✉❞✐❡s ❛ss❡ss❡❞ s♦❧❛r r❛❞✐❛t✐♦♥ tr❛♥s♠✐tt❛♥❝❡ ❜❡❧♦✇ ❆r❝t✐❝ s❤r✉❜s
✭❇❡✇❧❡② ❡t ❛❧✳✱ ✷✵✵✼❀ ❈❤♦♥❣ ❡t ❛❧✳✱ ✷✵✶✷❀ ❏✉s③❛❦ ❡t ❛❧✳✱ ✷✵✶✹❀ ❲✐❧❧✐❛♠s ❡t ❛❧✳✱ ✷✵✶✹✮✱
t❤✐s st✉❞② ❝♦♠♣❛r❡❞ s❤r✉❜ s❤❛❞✐♥❣ ✇✐t❤ s❤❛❞✐♥❣ ❜② ♦t❤❡r ✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❋✉r✲
t❤❡r♠♦r❡✱ t❤❡ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉① ❜✉❞❣❡t ♦❢ ❆r❝t✐❝ t✉♥❞r❛ ❤❛s ❜❡❡♥ ♠♦r❡
❡①t❡♥s✐✈❡❧② st✉❞✐❡❞ ✐♥ ❆❧❛s❦❛✱ ❈❛♥❛❞❛✱ ❛♥❞ ❊✉r♦♣❡ t❤❛♥ ✐♥ t❤❡ ✈❛st ❙✐❜❡r✐❛♥ ❧♦✇✲
❧❛♥❞s✳
❚❤❡ ❛✐♠ ♦❢ ♦✉r st✉❞② ✇❛s t♦ q✉❛♥t✐❢② t❤❡ ❛❜♦✈❡✲❝❛♥♦♣② r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ❜❡❧♦✇✲
❝❛♥♦♣② tr❛♥s♠✐tt❡❞ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✱ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ♦❢ t✇♦ ✇✐❞❡s♣r❡❛❞
t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s✳ ❲❡ ❝♦♠♣❧❡♠❡♥t❡❞ t✐♠❡ s❡r✐❡s
♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡s❡ t❤r❡❡ ❝♦♠♣♦♥❡♥ts ✇✐t❤ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ♠❡❛s✉r❡♠❡♥ts
❛t t❤❡ ❑②t❛❧②❦ r❡s❡❛r❝❤ s✐t❡✱ ◆♦rt❤✲❊❛st ❙✐❜❡r✐❛✳ ■♥ t❤✐s ✇❛②✱ ✇❡ ❡✈❛❧✉❛t❡❞ t❤❡
✐♠♣♦rt❛♥❝❡ ♦❢ ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣ ❢♦r ♣❡r♠❛❢r♦st t❤❛✇✐♥❣✳ ❋✉rt❤❡r♠♦r❡✱ ✇❡
❝❤❛r❛❝t❡r✐s❡❞ t❤❡ ✐♠♣❛❝t ♦❢ ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s ♦♥ r❛❞✐❛t✐✈❡ ✢✉①❡s ❛s ❝❧♦✉❞ ❝♦♥❞✐t✐♦♥s
❛r❡ ❧✐❦❡❧② t♦ ❝❤❛♥❣❡ ✐♥ t❤❡ ❢✉t✉r❡✳ ❖✉r r❡s✉❧ts ✇✐❧❧ ❛ss✐st ♠♦❞❡❧❧✐♥❣ ❛tt❡♠♣ts ✐♥
♣r♦✈✐❞✐♥❣ ❞❡t❛✐❧s ♦♥ ❧♦❝❛❧ s❝❛❧❡ ✈❛r✐❛❜✐❧✐t② ♦❢ ❛❧❜❡❞♦✱ s♦✐❧ s❤❛❞✐♥❣✱ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①
✐♥ ❛♥ ❆r❝t✐❝ t✉♥❞r❛ ❡❝♦s②st❡♠✳
✷✳✷ ▼❡t❤♦❞s
✷✳✷✳✶ ❋✐❡❧❞ s✐t❡✱ ✈❡❣❡t❛t✐♦♥✱ ❛♥❞ s♦✐❧
❚❤❡ st✉❞② ❛r❡❛ ✐s ❧♦❝❛t❡❞ ✐♥ ❛ ❞r❛✐♥❡❞ t❤❛✇ ❧❛❦❡ ❜❡❞ ✐♥ t❤❡ ❑②t❛❧②❦ ♥❛t✉r❡ r❡s❡r✈❡✱
◆♦rt❤✲❊❛st ❙✐❜❡r✐❛ ✭70.83 ➦N✱ 147.49 ➦E✱ ❋✐❣✳ ✸✳✶❛✮✳ ■t ✐s ❝❤❛r❛❝t❡r✐s❡❞ ❜② ❝♦♥t✐♥✲
✉♦✉s ♣❡r♠❛❢r♦st ❛♥❞ ❛♥ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ♦❢ 25✕55 cm ✭✈❛♥ ❍✉✐sst❡❞❡♥ ❡t ❛❧✳✱
✷✵
✷✵✵✺✮✳ ❚❤❡ ♠❡❛♥ ❛♥♥✉❛❧ ♣❡r♠❛❢r♦st t❡♠♣❡r❛t✉r❡ ❛t 15m ❞❡♣t❤ ❝❧♦s❡ t♦ t❤❡ s✐t❡ ✐s
−9.4 ➦C ✭❘♦♠❛♥♦✈s❦② ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❚❤❡ st✉❞② r❡❣✐♦♥ ✐♥ ❧♦✇❧❛♥❞ t✉♥❞r❛ ✐s ✉♥❞❡r❧❛✐♥
❜② ✈❡r② ✐❝❡✲r✐❝❤ ♣❡r♠❛❢r♦st ✭■✇❛❤❛♥❛ ❡t ❛❧✳✱ ✷✵✶✹✮✱ ✇❤✐❝❤ ♠❛❦❡s ✐t s✉s❝❡♣t✐❜❧❡ t♦
r❛♣✐❞ ❝❤❛♥❣❡s ✐♥ ❝❛s❡ ♦❢ ✇❛r♠✐♥❣ ✭❏♦r❣❡♥s♦♥ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❆ ♠✉❧t✐✲②❡❛r st✉❞② ❜②
P❛r♠❡♥t✐❡r ❡t ❛❧✳ ✭✷✵✶✶❜✮ ♦❜s❡r✈❡❞ t❤❡ s♥♦✇♠❡❧t ❜❡t✇❡❡♥ ✶✽ ▼❛② ❛♥❞ ✶✵ ❏✉♥❡✳ ❚❤❡
❣r♦✇✐♥❣ s❡❛s♦♥ st❛rt❡❞ ❛❜♦✉t ❢♦✉r ✇❡❡❦s ❛❢t❡r s♥♦✇♠❡❧t ❛♥❞ ❡♥❞❡❞ ❡❛r❧② ❙❡♣t❡♠❜❡r
✐♥ ❛❧❧ ②❡❛rs ✭P❛r♠❡♥t✐❡r ❡t ❛❧✳✱ ✷✵✶✶❜✮✳
❚❤❡ ✈❡❣❡t❛t✐♦♥ ❛t t❤❡ st✉❞② s✐t❡ ✐s ❝❧❛ss✐✜❡❞ ❛s t✉ss♦❝❦ s❡❞❣❡✱ ❞✇❛r❢ s❤r✉❜✱ ❛♥❞
♠♦ss t✉♥❞r❛ ✐♥ t❤❡ ❈✐r❝✉♠♣♦❧❛r ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✭❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ▼♦r❡
s♣❡❝✐✜❝❛❧❧②✱ ✐♥ t❤❡ ❞r❛✐♥❡❞ t❤❛✇ ❧❛❦❡ ❜❡❞✱ ❡❧♦♥❣❛t❡❞✱ ✇❡❧❧✲❞r❛✐♥❡❞ ♣❛t❝❤❡s ♦❢ ❡r❡❝t
❞✇❛r❢ s❤r✉❜ t✉♥❞r❛ ❛❧t❡r♥❛t❡ ✇✐t❤ ❞❡♣r❡ss✐♦♥s ♦❢ s❡❞❣❡✱ ♠♦ss ❞✇❛r❢ s❤r✉❜ ✇❡t❧❛♥❞
✭❋✐❣✳ ✸✳✶❜✮✳ ❉✇❛r❢ s❤r✉❜ ❛♥❞ s❡❞❣❡ ♣❛t❝❤❡s ❛r❡ ✐rr❡❣✉❧❛r❧② s❤❛♣❡❞ ❛♥❞ ❛❜♦✉t 10✕20m
✇✐❞❡ ❛♥❞ 70✕150m ❧♦♥❣ ✭❋✐❣✳ ✸✳✶❜✮✳ ❚❤❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ♦❢ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤❡s
✐s 0.3✕0.7m ❤✐❣❤❡r t❤❛♥ ♦❢ ✇❡t s❡❞❣❡ ❞❡♣r❡ss✐♦♥s✳ ❲❤✐❧❡ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤❡s ❤❛✈❡
❛♥ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ♦❢ 15✕25 cm✱ ✐t ✐s 26✕48 cm ❛t ✇❡t s❡❞❣❡s ✭✈❛♥ ❍✉✐sst❡❞❡♥
❡t ❛❧✳✱ ✷✵✵✺✮✳ ■♥ ✇✐♥t❡r✱ s♥♦✇ ❛❝❝✉♠✉❧❛t❡s ✐♥ t❤❡ ✇❡t s❡❞❣❡ ❞❡♣r❡ss✐♦♥s ❛♥❞ r❡❛❝❤❡s
❛ ❞❡♣t❤ ♦❢ ❛❜♦✉t 25 cm ❛t t❤❡ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤❡s ✭◆❛✉t❛ ❡t ❛❧✳✱ ✷✵✶✺✮✳
❚❤❡ ❝❡♥tr❡ ♦❢ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤❡s ✐s ❞♦♠✐♥❛t❡❞ ❜② ❞✇❛r❢ ❜✐r❝❤ ✭❇❡t✉❧❛ ♥❛♥❛✱
❋✐❣✳ ✸✳✶❡✱ ❢✮✳ ❲✐❧❧♦✇s ✭❡✳❣✳ ❙❛❧✐① ♣✉❧❝❤r❛✮ ❝♦♠♣❧❡♠❡♥t t❤❡ ❞✇❛r❢ ❜✐r❝❤❡s ❛♥❞ ❞♦♠✲
✐♥❛t❡ t❤❡ ❝❛♥♦♣✐❡s ❛❧♦♥❣ t❤❡ r✐✈❡rs✳ ❈♦♠♠✉♥✐t✐❡s ♦❢ ❧✐♥❣♦♥❜❡rr② ✭❱❛❝❝✐♥✐✉♠ ✈✐t✐s✲
✐❞❛❡❛✮✱ ♠♦ss❡s✱ ❛♥❞ ❧✐❝❤❡♥ s✉rr♦✉♥❞ t❤❡ ❞❡♥s❡ ❞✇❛r❢ ❜✐r❝❤ ✈❡❣❡t❛t✐♦♥✳ ❚♦✇❛r❞s t❤❡
❧♦✇❡r✱ ✇❡tt❡r ❛r❡❛s ♣❡❛t ♠♦ss❡s ❛♥❞ s❡❞❣❡s ❜♦r❞❡r t❤❡ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤❡s✳ ▼♦st
❝♦♠♠♦♥❧②✱ t❤❡ ✇❡t s❡❞❣❡ ❝♦♠♠✉♥✐t② ✐s ❝♦♠♣r✐s❡❞ ♦❢ ❝♦♠♠♦♥ ❝♦tt♦♥❣r❛ss ✭❊r✐♦✲
♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✱ ❋✐❣✳ ✸✳✶❝✱ ❞✮✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ❢♦r♠ t✉ss♦❝❦s✳ ❆❧t❤♦✉❣❤ ❞✇❛r❢
❜✐r❝❤ ❞♦♠✐♥❛t❡❞ ❛r❡❛s ❛r❡ ✉s✉❛❧❧② s❡♣❛r❛t❡❞ ❢r♦♠ ✇❡t s❡❞❣❡ ❛r❡❛s ❜② t❤❡ ❞❡s❝r✐❜❡❞
tr❛♥s✐t✐♦♥ ③♦♥❡s✱ ✐♥ s♦♠❡ ♣❧❛❝❡s t❤❡② ❝❛♥ ❜❡ ❢♦✉♥❞ ❞✐r❡❝t❧② ❜♦r❞❡r✐♥❣ ❡❛❝❤ ♦t❤❡r✳
❙❡❞❣❡s ❝❛♥ ✐♥✈❛❞❡ ❞r♦✇♥✐♥❣ s❤r✉❜✲❝♦✈❡r❡❞ ❛r❡❛s ✭▼②❡rs✲❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✶✮✱ ❡s♣❡✲
❝✐❛❧❧② ❛❢t❡r ❞✐st✉r❜❛♥❝❡ ✭◆❛✉t❛ ❡t ❛❧✳✱ ✷✵✶✺✮✱ ❛♥❞ s❤r✉❜s ❝❛♥ ❝♦❧♦♥✐s❡ ♣❡❛t ♠♦ss
❝♦✈❡r❡❞ ❛r❡❛s✱ ✇❤✐❝❤ ✐♥ t✉r♥ ✐♥✈❛❞❡ ✇❡t s❡❞❣❡ ❞❡♣r❡ss✐♦♥s✳
❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✵✮ ♠❡❛s✉r❡❞ ❛♥ ❛✈❡r❛❣❡ ❞✇❛r❢ ❜✐r❝❤ ❝❛♥♦♣② ❤❡✐❣❤t ♦❢ 21 cm✱ ❞r②
❛❜♦✈❡ ❣r♦✉♥❞ ❜✐♦♠❛ss ♦❢ 400 gm−2 ❛♥❞ ❛ t♦t❛❧ s❤r✉❜ ❝♦✈❡r ♦❢ ❛❜♦✉t ✼✵✪✳ ❚❤❡ ✇❡t
s❡❞❣❡ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ❝❛♥ ❝♦✈❡r ✺✵✪ ♦❢ t❤❡ s✉r❢❛❝❡ ✐♥ ✇❡t s❡❞❣❡ ❧♦❝❛t✐♦♥s
✭❙❝❤✐rr♠❡✐st❡r ❡t ❛❧✳✱ ✷✵✶✷✮ ❛♥❞ r❡❛❝❤ ❛ ♠❛①✐♠✉♠ ❤❡✐❣❤t ♦❢ ❛❜♦✉t 50 cm✳
❇❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✱ t❤❡ s♦✐❧ ✐s ♠❛✐♥❧② ❝♦✈❡r❡❞ ❜② ♠♦ss❡s ✭❛❜♦✉t ✸✽✪✱ ♣r❡❞♦♠✐✲
♥❛♥t❧② ❉✐❝r❛♥✉♠ s♣✳✱ P♦❧②tr✐❝❤✉♠ s♣✳✱ ❛♥❞ ❆✉❧❛❝♦♠♥✐✉♠ s♣✳✮✱ s❤r✉❜ ❧✐tt❡r ✭❛❜♦✉t
✺✻✪✮✱ ❛♥❞ s♦♠❡ ❧✐❝❤❡♥ ✭❛❜♦✉t ✹✪✮✳ ❚❤❡ ♠♦ss ❧❛②❡r ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ✐s ❛❜♦✉t
4✕5 cm t❤✐❝❦ ✭❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ❇❡❧♦✇ 10✕15 cm ♦❢ ❤✐❣❤❧② ♦r❣❛♥✐❝ s♦✐❧ ✭❇❧♦❦ ❡t ❛❧✳✱
✷✵✶✵✮✱ ♠✐♥❡r❛❧ ❝❧❛② s♦✐❧ ♠✐①❡❞ ✇✐t❤ ♦r❣❛♥✐❝ ♠❛tt❡r ❝❛♥ ❜❡ ❢♦✉♥❞✳ ❚❤❡ s♦✐❧ ♠♦✐st✉r❡
✐s ✉s✉❛❧❧② ❜❡❧♦✇ s❛t✉r❛t✐♦♥ ❛♥❞ ✈❛r✐❡s ❜❡t✇❡❡♥ ✵✳✸ ❛♥❞ 0.6m3 m−3 ✐♥ t❤❡ ❣r♦✇✐♥❣
s❡❛s♦♥✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s ✭s❡❡ ❜❡❧♦✇ ❢♦r ❞❡t❛✐❧s ♦♥ ✐♥str✉♠❡♥ts ❛♥❞
✷✶
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
✭❛✮
✭❜✮
✭❝✮ ✭❞✮
✭❡✮
✭❢✮
10 cm 20 cm
10 cm
20 cm 100m
❋✐❣✉r❡ ✷✳✶✿ ▲♦❝❛t✐♦♥ ♦❢ t❤❡ ❑②t❛❧②❦ r❡s❡❛r❝❤ st❛t✐♦♥ ❛♥❞ ❆r❝t✐❝ t✉♥❞r❛ ❡①t❡♥t ✭❛✱ ❞❛t❛
❢r♦♠ ❲❛❧❦❡r ❡t ❛❧✳ ✭✷✵✵✺✮✮✱ ❞r♦♥❡ ✐♠❛❣❡r② ✭❏✉❧② ✷✵✶✹✮ ♦❢ t❤❡ s✐t❡ ✐♥❝❧✉❞✐♥❣ t✐♠❡ s❡r✐❡s
♠❡❛s✉r❡♠❡♥t ❧♦❝❛t✐♦♥s ✭❜✱ tr✐❛♥❣❧❡s✱ r❡❞ ❢♦r ❞✇❛r❢ s❤r✉❜s ❛♥❞ ❜❧✉❡ ❢♦r s❡❞❣❡s✮ ❛♥❞ t❤❡
❞✐str✐❜✉t❡❞ ♣❧♦t ♠❡❛s✉r❡♠❡♥ts ✭❜✱ sq✉❛r❡s✮✱ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ ✭❝✱ ❞✮ ❛♥❞ ❞✇❛r❢ s❤r✉❜
✈❡❣❡t❛t✐♦♥ ✭❡✱ ❢✮✳
✷✷
♠❡❛s✉r❡♠❡♥ts✮✳ ❲✐t❤ ❛ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ♦❢ 0.08Wm−1 K−1 t❤❡ ❤✐❣❤❧② ♦r❣❛♥✐❝
t♦♣ s♦✐❧ ❜❡❧♦✇ ❞✇❛r❢ ❜✐r❝❤ ✐s str♦♥❣❧② ✐♥s✉❧❛t✐♥❣✳ ❚❤❡ ❤❡❛t ❝❛♣❛❝✐t② ♦❢ t❤✐s ❧❛②❡r ✐s
❛❜♦✉t 0.5MJm−3 K−1✳ ❚❤❡ ❞❡❡♣❡r ❝❧❛② ❧❛②❡r ❤❛s ❛ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ❛❜♦✉t
0.80Wm−1 K−1 ❛♥❞ ❛ ❤❡❛t ❝❛♣❛❝✐t② ♦❢ 2.1MJm−3 K−1✳ ❇❡❧♦✇ t❤❡ ❣r❡❡♥ s❡❞❣❡
❧❡❛✈❡s✱ ❛ 10✕20 cm t❤✐❝❦ ❧❛②❡r ♦❢ ❞r②✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❝♦✈❡rs t❤❡ ✇❛t❡r ♦r ✇❡t
❧✐tt❡r✳ ■♥ t❤❡ ❞❡♥s❡ s❡❞❣❡ ♣❛t❝❤❡s st✉❞✐❡❞✱ t❤❡r❡ ✇❡r❡ ❛❧♠♦st ♥♦ ♠♦ss❡s ♦r ♦t❤❡r
s♣❡❝✐❡s ❣r♦✇✐♥❣ ❜❡❧♦✇ t❤❡ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✳ ❚❤❡ ✉♣♣❡r♠♦st 13✕19 cm ♦❢ t❤❡ s♦✐❧
✐s ✇❛t❡r s❛t✉r❛t❡❞✱ ❧♦♦s❡ ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧ ✭❇❛rt❤♦❧♦♠❡✉s ❡t ❛❧✳✱ ✷✵✶✷✮ ✇✐t❤ ❛ ✇❛t❡r
❝♦♥t❡♥t ♦❢ ❛❜♦✉t 0.7m3 m−3✳ ❉✉❡ t♦ t❤❡ ✇❛t❡r ❝♦♥t❡♥t✱ t❤✐s ❧❛②❡r ❤❛s ❛ ❤✐❣❤ t❤❡r♠❛❧
❝♦♥❞✉❝t✐✈✐t② ✭0.44Wm−1 K−1✮ ❛♥❞ ❤❡❛t ❝❛♣❛❝✐t② ✭3.3MJm−3 K−1✮ ✭s❡❡ ❜❡❧♦✇ ❢♦r
❞❡t❛✐❧s ♦♥ ✐♥str✉♠❡♥ts ❛♥❞ ♠❡❛s✉r❡♠❡♥ts✮✳
✷✳✷✳✷ ▼❡❛s✉r❡♠❡♥ts
❲❡ ❛ss❡ss❡❞ t❤❡ ❡✛❡❝t ♦❢ ✇❡t s❡❞❣❡ ✈❡rs✉s ❞✇❛r❢ ❜✐r❝❤ ❞♦♠✐♥❛t❡❞ ✈❡❣❡t❛t✐♦♥ ♦♥
❡♥❡r❣② ✢✉①❡s ❛❜♦✈❡ ❝❛♥♦♣②✱ ❜❡❧♦✇ ❝❛♥♦♣②✱ ❛♥❞ ✐♥ t❤❡ t♦♣ s♦✐❧ ❧❛②❡r ✇✐t❤ ✜❡❧❞ ♠❡❛✲
s✉r❡♠❡♥ts✳ ❚✐♠❡ s❡r✐❡s ♦❢ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉① ✇❡r❡ ❛❝q✉✐r❡❞ ❛t ❛ ♣❡r♠❛♥❡♥t
❧♦❝❛t✐♦♥ ❝❧♦s❡ t♦ t❤❡ ❝❡♥tr❡ ♦❢ ♦♥❡ ♣❛t❝❤ ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡✳ ❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts
✇❡r❡ ❝♦♠♣❧❡♠❡♥t❡❞ ❜② s♣♦r❛❞✐❝ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❡✐❣❤t s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ♣❧♦ts
♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡ t♦ ❛ss❡ss t❤❡ s♣❛t✐❛❧ ✈❛r✐❛t✐♦♥✳ ❋♦r ♦✉r ❜❡❧♦✇ ❣r♦✉♥❞ ♠❡❛s✉r❡✲
♠❡♥ts ✐♥ t❤❡ s❡❞❣❡ ♣❧♦t✱ ✇❡ ❞❡✜♥❡❞ t❤❡ t♦♣ ♦❢ t❤❡ ❞❛r❦✱ ✇❡t✱ ❛♥❞ ❝♦❤❡s✐✈❡ ❧✐tt❡r ❛s
r❡❢❡r❡♥❝❡ ❤❡✐❣❤t✳ ■♥ t❤❡ ❞✇❛r❢ s❤r✉❜ ♣❧♦t✱ ✇❡ ✉s❡❞ t❤❡ t♦♣ ♦❢ t❤❡ ♠♦ss ♦r ❧✐tt❡r ❛s
r❡❢❡r❡♥❝❡ ❤❡✐❣❤t ✭❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳
❚❤❡ t✐♠❡ s❡r✐❡s ✇❡r❡ r❡❝♦r❞❡❞ ❜② t✇♦ ❛✉t♦♠❛t✐❝ ♠❡❛s✉r❡♠❡♥t st❛t✐♦♥s ♦♥ ❛ ❞✇❛r❢
s❤r✉❜ ❛♥❞ ❛♥ ❛❞❥❛❝❡♥t s❡❞❣❡ ♣❛t❝❤✱ ❧♦❝❛t❡❞ ❛❜♦✉t 50m ❛♣❛rt ✭❋✐❣✳ ✸✳✶❜✱ tr✐❛♥❣❧❡s✮✳
❚❤❡ ✐♥str✉♠❡♥t ❤❡✐❣❤t ✇❛s ❛❜♦✉t 1.5m ❛❜♦✈❡ ❝❛♥♦♣② t♦ ❡♥s✉r❡ t❤❛t t❤❡ ✐♥str✉✲
♠❡♥t✬s ❢♦♦t♣r✐♥t ❝♦✈❡r❡❞ ♦♥❧② ♦♥❡ ✈❡❣❡t❛t✐♦♥ t②♣❡✳ ❲❡ ✉s❡❞ ❑✐♣♣ ✫ ❩♦♥❡♥ ❈▼P✶✶
♣②r❛♥♦♠❡t❡rs ✭285✕2800 nm✮ ❢♦r ✐♥❝♦♠✐♥❣ ❛♥❞ r❡✢❡❝t❡❞ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✱ ❛♥❞ ❛♥
❛rr❛② ♦❢ ❢♦✉r ✭♦♥ s❡❞❣❡✮ ❛♥❞ ✜✈❡ ✭♦♥ ❞✇❛r❢ s❤r✉❜✮ ❑✐♣♣ ✫ ❩♦♥❡♥ ❙P▲■❚❊✷ s✐❧✐❝♦♥
♣②r❛♥♦♠❡t❡rs ✭400✕1100 nm✮ ❢♦r ❜❡❧♦✇✲❝❛♥♦♣② tr❛♥s♠✐tt❡❞ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✳ ❲❡
✐♥st❛❧❧❡❞ t❤❡ ✐♥str✉♠❡♥ts ♦♥ t❤❡ ♠♦ss ♦r ❧✐tt❡r s✉r❢❛❝❡ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ❜❡❧♦✇
s♦♠❡ ♦❢ t❤❡ s❡❞❣❡ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❜✉t ❛❜♦✈❡ t❤❡ ❡❛r❧② s✉♠♠❡r ✇❛t❡r ❧❡✈❡❧✳ ❲❡
♠❡❛s✉r❡❞ ♥❡t ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ✇✐t❤ ❛ ❑✐♣♣ ✫ ❩♦♥❡♥ ❈◆❘✷ ♥❡t r❛❞✐♦♠❡t❡r ✭300✕
2800 nm ❛♥❞ 4.5✕42 ➭m✮ ✐♥ ❡❛❝❤ ♣❧♦t✳ ❚❤❡ t✇♦ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉① ❝♦♠♣♦♥❡♥ts
♦❢ t❤❡ ❈◆❘✷ ❛❧s♦ ❛❧❧♦✇❡❞ ❢♦r ❝r♦ss✲✈❛❧✐❞❛t✐♦♥ ✇✐t❤ t❤❡ ❈▼P✶✶ s❡♥s♦r ❞❛t❛ ✐♥ ♦✉r
q✉❛❧✐t② ❝♦♥tr♦❧ ♣r♦❝❡❞✉r❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ ❝r♦ss✲✈❛❧✐❞❛t❡❞ ♦✉r ✐♥❝♦♠✐♥❣ s❤♦rt✇❛✈❡
r❛❞✐❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ♦♥❡ ❙P▲■❚❊✷ ♣②r❛♥♦♠❡t❡r✳ ❙♦✐❧ ❤❡❛t ✢✉① ✇❛s ♠❡❛✲
s✉r❡❞ ✐♥ t❤❡ ♦r❣❛♥✐❝ t♦♣ s♦✐❧ ✉s✐♥❣ t❤r❡❡ ❤❡❛t ✢✉① ♣❧❛t❡s ✭❍❋P✵✶✱ ❍✉❦s❡✢✉①✮ ♣❡r
✈❡❣❡t❛t✐♦♥ t②♣❡ ❛t ❛ ❞❡♣t❤ ♦❢ 10 cm ❜❡❧♦✇ t❤❡ r❡❢❡r❡♥❝❡ ❤❡✐❣❤t✳ ❙♦✐❧ t❡♠♣❡r❛t✉r❡
❞❛t❛ ✇❡r❡ ❛❝q✉✐r❡❞ ✉s✐♥❣ t❤r❡❡ s❡♥s♦rs ✭❚✶✵✼✱ ❈❛♠♣❜❡❧❧ ❙❝✐❡♥t✐✜❝✮ ♣❡r ✈❡❣❡t❛t✐♦♥
✷✸
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
t②♣❡ ❛t ❛ ❞❡♣t❤ ♦❢ 4 cm ❜❡❧♦✇ t❤❡ r❡❢❡r❡♥❝❡ ❤❡✐❣❤t✳ ❲❡ ♠❡❛s✉r❡❞ s♦✐❧ ♠♦✐st✉r❡ ✇✐t❤
t✇♦ s❡♥s♦rs ✭❚❤❡t❛Pr♦❜❡ ▼▲✷①✱ ❉❡❧t❛✲❚ ❉❡✈✐❝❡s✮ ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡ ❛♥❞ ❝♦♥✈❡rt❡❞
t❤❡ s✐❣♥❛❧ t♦ ✈♦❧✉♠❡tr✐❝ ✇❛t❡r ❝♦♥t❡♥t ✉s✐♥❣ st❛♥❞❛r❞ ♣❛r❛♠❡t❡rs ❢♦r ♦r❣❛♥✐❝ s♦✐❧✳
❚❤❡ ❞❛t❛ ❢r♦♠ ❛❧❧ s❡♥s♦rs ✇❡r❡ r❡❝♦r❞❡❞ ❡✈❡r② 30 sec ❛♥❞ ❛✈❡r❛❣❡❞ ❛t 10min ✐♥t❡r✈❛❧s
✉s✐♥❣ ❛ ❈❛♠♣❜❡❧❧ ❙❝✐❡♥t✐✜❝ ❈❘✶✵✵✵ ❞❛t❛❧♦❣❣❡r✳ ❚❤❡ r❛❞✐❛t✐♦♥ ❞❛t❛ s❡r✐❡s ❝♦✈❡rs ✵✼
❏✉❧② ✷✵✶✸ ✕ ✸✶ ❆✉❣✉st ✷✵✶✸ ❛♥❞ ✶✶ ▼❛② ✷✵✶✹ ✕ ✶✼ ❆✉❣✉st ✷✵✶✹✳ ❚❤❡ s♦✐❧ ✢✉① ❞❛t❛
❜❡❣✐♥ t❡♥ ❞❛②s ❧❛t❡r ✐♥ ✷✵✶✸ ❛♥❞ s♣❛♥ t❤❡ s❛♠❡ ♣❡r✐♦❞ ❛s r❛❞✐❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ✐♥
✷✵✶✹✳ ❲❡ ♠❡❛s✉r❡❞ t❤❡ s♦✐❧ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s ✇✐t❤ ❛ ❑❉✷ P❘❖✱ ❉❡❝❛❣♦♥ ❉❡✈✐❝❡s✱
✐♥str✉♠❡♥t ♦♥ ✵✹ ❛♥❞ ✵✺ ❆✉❣✉st ✷✵✶✸✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❞♦♥❡ ❛t ❛❧❧ ❧♦❝❛t✐♦♥s
♦❢ s♦✐❧ ❤❡❛t ✢✉① ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ✐♥ ♦♥❡ s♦✐❧ ♣✐t ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡ t♦ ❡st✐♠❛t❡
s♦✐❧ ♣r♦♣❡rt✐❡s ❜❡❧♦✇ t❤❡ ❤✐❣❤❧② ♦r❣❛♥✐❝ ❤♦r✐③♦♥✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥t ❞❛t❡ ✇❛s ❛❢t❡r
❛ ❞r② s✉♠♠❡r ♣❡r✐♦❞✳
■♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ ❞✇❛r❢ s❤r✉❜ ❛♥❞ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ ❛♥❞
t❤❡ s♣❛t✐❛❧ r❡♣r❡s❡♥t❛t✐✈❡♥❡ss ♦❢ t❤❡ t✐♠❡ s❡r✐❡s ♠❡❛s✉r❡♠❡♥ts✱ ✇❡ ❛❞❞✐t✐♦♥❛❧❧② ♠❡❛✲
s✉r❡❞ ✈❡❣❡t❛t✐♦♥ ❛♥❞ r❛❞✐❛t✐♦♥ ♣❛r❛♠❡t❡rs ✐♥ ❡✐❣❤t ♣❧♦ts ♦❢ 1m2 ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡
✭❋✐❣✳ ✸✳✶❜✱ sq✉❛r❡s✮✳ ❚❤r❡❡ ♦❢ t❤❡ ❡✐❣❤t ♣❧♦ts ✇❡r❡ ❧♦❝❛t❡❞ ✇✐t❤✐♥ t❤❡ s❛♠❡ ✈❡❣✲
❡t❛t✐♦♥ ♣❛t❝❤ ❛s t❤❡ t✐♠❡ s❡r✐❡s ♠❡❛s✉r❡♠❡♥ts ❜✉t ♦✉ts✐❞❡ ♦❢ t❤❡ ❢♦♦t♣r✐♥t ♦❢ t❤❡
✐♥str✉♠❡♥ts✳ ■♥ t❤❡ ✶✻ ♣❧♦ts ✇❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛❧ ❡①✐t❛♥❝❡ ❛❜♦✉t 1m ❛❜♦✈❡ t❤❡
❝❛♥♦♣② ✇✐t❤ ❛♥ ❖❝❡❛♥ ❖♣t✐❝s ❏❛③ s♣❡❝tr♦♠❡t❡r ✉s✐♥❣ ❛ ❜❛r❡ 100 ➭m ✜❜❡r✳ ❙♣❡❝tr❛❧
✐rr❛❞✐❛♥❝❡ ✇❛s ♠❡❛s✉r❡❞ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ ❡①✐t❛♥❝❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❡❛❝❤ ♣❧♦t
✉s✐♥❣ t❤❡ s❛♠❡ s♣❡❝tr♦♠❡t❡r ❛♥❞ ❛♥ ✉♣✇❛r❞s ♣♦✐♥t✐♥❣ ✜❜❡r ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ❝♦s✐♥❡
❝♦rr❡❝t♦r✳ ❋r♦♠ t❤❡s❡ t✇♦ ♠❡❛s✉r❡♠❡♥ts ✇❡ ❝❛❧❝✉❧❛t❡❞ t❤❡ ❤❡♠✐s♣❤❡r✐❝❛❧✲❝♦♥✐❝❛❧ r❡✲
✢❡❝t❛♥❝❡ ❢❛❝t♦r ✐♥ ♥❛❞✐r ❞✐r❡❝t✐♦♥ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡ r❛❞✐❛t✐♦♥
✭P❆❘✱ 400✕700 nm✮✳ ❲❡ ♠❡❛s✉r❡❞ ✐♥❝✐❞❡♥t ❛♥❞ tr❛♥s♠✐tt❡❞ P❆❘ ✇✐t❤ ❛ ❉❡❧t❛✲❚
❉❡✈✐❝❡s ❙✉♥❙❝❛♥ ❝❡♣t♦♠❡t❡r✳ ❇❡❧♦✇ ❝❛♥♦♣②✱ ✻✹ s❡♥s♦rs ♦♥ ❛ 1m ❧♦♥❣ ♣r♦❜❡ r❡❝♦r❞❡❞
tr❛♥s♠✐tt❡❞ P❆❘ s✐♠✉❧t❛♥❡♦✉s❧② ✇✐t❤ t❤❡ ❛❜♦✈❡✲❝❛♥♦♣② ❇❋✸ s❡♥s♦r✳ ❆❝t✐✈❡ ❧❛②❡r
t❤✐❝❦♥❡ss ❛♥❞ ❝❛♥♦♣② ❤❡✐❣❤t ✇❡r❡ ♠❡❛s✉r❡❞ r❡❧❛t✐✈❡ t♦ t❤❡ r❡❢❡r❡♥❝❡ ❤❡✐❣❤t ❜② ✐♥✲
s❡rt✐♥❣ ❛ ♠❡t❛❧ ♣r♦❜❡ ❛t ✷✺ ♣♦✐♥ts ♦❢ ❛ r❡❣✉❧❛r ❣r✐❞ ✐♥ ❡✈❡r② ♣❧♦t✳ ❈❛♥♦♣② ❤❡✐❣❤t
✇❛s ❡st✐♠❛t❡❞ ❛s ❛✈❡r❛❣❡ ❤❡✐❣❤t ♦❢ t❤❡ ❤✐❣❤❡st ❧❡❛✈❡s ✇✐t❤✐♥ ❛ 5 cm r❛❞✐✉s ❛r♦✉♥❞
t❤❡ ♠❡❛s✉r❡♠❡♥t ♣♦✐♥t✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ ♠❡❛s✉r❡❞ ♠❛①✐♠✉♠ ❤❡✐❣❤t ❛t ❛❧❧ ♣❧♦ts✳
❲❡ ♠❡❛s✉r❡❞ ♣r♦❥❡❝t❡❞ ❞✇❛r❢ s❤r✉❜ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❛r❡❛ ✉s✐♥❣ ❛ 1m2 ♣♦✐♥t q✉❛❞r❛t
❛♥❞ r❡❝♦r❞✐♥❣ ❛❧❧ ❝♦♥t❛❝ts ❜❡t✇❡❡♥ ❛ ✈❡rt✐❝❛❧❧② ✐♥s❡rt❡❞ ♥❡❡❞❧❡ ❛♥❞ t❤❡ ✈❡❣❡t❛t✐♦♥
❛t ✽✶ ♣♦✐♥ts ✭❲✐❧s♦♥✱ ✶✾✺✾✮✳ ❚❤❡ ❧❡❛❢ ❛r❡❛ ♦❢ ♦t❤❡r ✈❛s❝✉❧❛r ♣❧❛♥ts ♦♥ t❤❡ ❞✇❛r❢
s❤r✉❜ ♣❧♦ts ✇❛s ♥❡❣❧✐❣✐❜❧❡✳ ■♥ t✇♦ ❞❡str✉❝t✐✈❡ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✭▲❆■✮ ♠❡❛s✉r❡♠❡♥ts
✇❡ ❢♦✉♥❞ t❤❛t t❤❡ ♣♦✐♥t q✉❛❞r❛t ❝♦✉♥ts ✉♥❞❡r❡st✐♠❛t❡❞ t❤❡ s❤r✉❜ ❧❡❛❢ ❛r❡❛ ❜② ✶✺✪
❛♥❞ ✷✽✪✱ ✇❤✐❝❤ ✇❛s ✵✳✶✽ ❛♥❞ ✵✳✷✺ ✐♥ ❛❜s♦❧✉t❡ ✈❛❧✉❡s✳
❚♦ ❡st✐♠❛t❡ s❡❞❣❡ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ♥♦♥ ❞❡str✉❝t✐✈❡❧②✱ ✇❡ ✉s❡❞ ❛♥ ❡♠♣✐r✐❝❛❧ ❛❧❧♦♠❡t✲
r✐❝ ❛♣♣r♦❛❝❤✱
LAI =
hc
hr
·
1
A
·
m∑
i=1
ni · Li
✷✹
✇❤❡r❡ hc ✐s t❤❡ ❝❛♥♦♣② ❤❡✐❣❤t✱ A ✐s t❤❡ s✐③❡ ♦❢ t❤❡ ✐♥✈❡st✐❣❛t✐♦♥ ❛r❡❛ ✭m2✮✱ n ✐s t❤❡
♥✉♠❜❡r ♦❢ t✐❧❧❡rs ♦❢ s✐③❡ i✱ ❛♥❞ L ✐s t❤❡ ❛✈❡r❛❣❡ ❧❡❛❢ ❛r❡❛ ✭m2✮ ♦❢ t✐❧❧❡rs ♦❢ s✐③❡ i✳
❚✐❧❧❡r s✐③❡ ✐s ❡①♣r❡ss❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❧❡❛✈❡s t❤❛t ❛ t✐❧❧❡r ❤❛s✱ s♦ t❤❡ s♠❛❧❧❡st
t✐❧❧❡r ✇✐t❤ i = 1 ❤❛s ♦♥❡ ❧❡❛❢ ♦♥❧② ❛♥❞ t❤❡ ❧❛r❣❡st t✐❧❧❡rs ❤❛✈❡ m = 7 ❧❡❛✈❡s✳ ❚❤❡
❛❧❧♦♠❡tr✐❝ ✈❛❧✉❡ Li ❢♦r ❡❛❝❤ t✐❧❧❡r s✐③❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ✈✐❛ ❞❡str✉❝t✐✈❡ s❛♠♣❧✐♥❣ ♦♥
❛ 50 · 50 cm2 ♣❧♦t ✇✐t❤ r❡❢❡r❡♥❝❡ ❝❛♥♦♣② ❤❡✐❣❤t hr ❢r♦♠ ✇❤✐❝❤ ✶✽ t✐❧❧❡rs ♦✉t ♦❢ ✶✻✷
✇❡r❡ r❛♥❞♦♠❧② s❡❧❡❝t❡❞ ❢♦r ❛♥❛❧②s✐s✳ ❲❡ ♠❡❛s✉r❡❞ t❤❡ ❧❡♥❣t❤ ❛♥❞ ✇✐❞t❤ ♦❢ ❛❧❧ ❧❡❛✈❡s
❛♥❞ s✉❜s❡q✉❡♥t❧② ❝✉t t❤❡ ❧❡❛✈❡s ✐♥ s❡❣♠❡♥ts t♦ ❛❧❧♦✇ ❢♦r ❛❝❝✉r❛t❡ s❝❛♥♥✐♥❣ ♦❢ t❤❡
♦♥❡✲s✐❞❡❞ ❧❡❛❢ ❛r❡❛✳ ❚❤✉s✱ t❤❡ ❡♠♣✐r✐❝❛❧ r❡❧❛t✐♦♥s❤✐♣ ♦❢ ▲❆■ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ni ❛♥❞
hc ❝♦✉❧❞ ❜❡ ✉s❡❞ ♦♥ ❡✐❣❤t 1m2 ♣❧♦ts ❢♦r ♥♦♥ ❞❡str✉❝t✐✈❡ ▲❆■ ❡st✐♠❛t✐♦♥✳ ❲✐t❤✐♥
❡❛❝❤ ♣❧♦t✱ ✇❡ s❡❧❡❝t❡❞ ✶✻ s✉❜♣❧♦ts ♦❢ 10 ·10 cm2 s✐③❡✳ ■♥ ❡❛❝❤ ♦❢ t❤❡♠ ✇❡ ❝♦✉♥t❡❞ t❤❡
♥✉♠❜❡r ♦❢ t✐❧❧❡rs ♦❢ ❡❛❝❤ t✐❧❧❡r s✐③❡ ❝❧❛ss ✭ni✮ ❛♥❞ ♠❡❛s✉r❡❞ t❤❡ ❝❛♥♦♣② ❤❡✐❣❤t hc t♦
❡st✐♠❛t❡ ▲❆■✳ ❋♦r ✈❛❧✐❞❛t✐♦♥✱ t❤r❡❡ ❞❡str✉❝t✐✈❡ ❤❛r✈❡sts ✇❡r❡ ❞♦♥❡ t♦ ❛s❝❡rt❛✐♥ t❤❡
q✉❛❧✐t② ♦❢ t❤❡ ♥♦♥ ❞❡str✉❝t✐✈❡ ▲❆■ ❡st✐♠❛t❡s✳ ❚❤✐s ✐♥❞✐❝❛t❡❞ t❤❛t ▲❆■ ✇❛s ❛❝❝✉r❛t❡
t♦ ✇✐t❤✐♥ ±0.4m2 m−2✿ t✐❧❧❡r ❝♦✉♥t✐♥❣ ♦✈❡r❡st✐♠❛t❡❞ t❤❡ ▲❆■ ❜② ✵✳✹ ❛♥❞ ✵✳✸ ✐♥ t✇♦
♣❧♦ts ✇❤✐❧❡ ▲❆■ ✇❛s ✉♥❞❡r❡st✐♠❛t❡❞ ❜② ✵✳✹ ♦♥ t❤❡ t❤✐r❞ ♣❧♦t✳
✷✳✷✳✸ ❉❛t❛ ❛♥❛❧②s✐s
❚♦ q✉❛♥t✐❢② t❤❡ ❡✛❡❝ts ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡ ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ✇❡ ❝♦♠♣✉t❡❞ ♥❡t
r❛❞✐❛t✐♦♥ Rn✱
Rn = K↓ −K↑ + L↓ − L↑
✇✐t❤ K ❛♥❞ L ❜❡✐♥❣ s❤♦rt✇❛✈❡ ❛♥❞ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❆rr♦✇s
✐♥ t❤❡ ✐♥❞❡① s❤♦✇ ❞♦✇♥✇❛r❞ ✭↓✮ ❛♥❞ ✉♣✇❛r❞ ✭↑✮ ❞✐r❡❝t❡❞ r❛❞✐❛t✐♦♥✳ ❚❤❡ ❞✐✛❡r❡♥❝❡
K↓ −K↑ ✐s t❤❡ ♥❡t s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✳ ❙❤♦rt✇❛✈❡ ❛❧❜❡❞♦ α ✐s ❞❡r✐✈❡❞ ❛s
α =
K↑
K↓
❛♥❞ tr❛♥s♠✐tt❛♥❝❡ T ✐s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❞♦✇♥✇❡❧❧✐♥❣ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ♠❡❛s✉r❡❞
❜❡❧♦✇ ❝❛♥♦♣② ✭✐♥❞❡① bc✮ ❛♥❞ t❤❡ s❛♠❡ ♠❡❛s✉r❡♠❡♥t ❝❛rr✐❡❞ ♦✉t ❛❜♦✈❡ ❝❛♥♦♣② ✭✐♥❞❡①
ac✮✱
T =
K↓,bc
K↓,ac
.
❚♦ ❛ss❡ss tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❡❛❝❤ ✈❡❣❡t❛t✐♦♥ t②♣❡✱ ✇❡ ❝♦♠❜✐♥❡❞ ❛❧❧ ❞❛t❛ ♦❢ t❤❡ ✜✈❡
✭❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✮ ❛♥❞ ❢♦✉r ✭❜❡❧♦✇ s❡❞❣❡s✮ s❡♥s♦rs✳
❚❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✐s str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s ❛♥❞ t❤❡ s♦❧❛r
③❡♥✐t❤ ❛♥❣❧❡✳ ❲❡ ❡st✐♠❛t❡❞ ❜♦t❤ ✐♥ ♦r❞❡r t♦ ✐s♦❧❛t❡ t❤❡ ✈❡❣❡t❛t✐♦♥ ❡✛❡❝ts✳ ❲❡
❝❛❧❝✉❧❛t❡❞ t❤❡ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡ ♦❢ ❡❛❝❤ ♠❡❛s✉r❡♠❡♥t ✉s✐♥❣ ❛ ▼❆❚▲❆❇➤ s❝r✐♣t
❜② ❱✐♥❝❡♥t ❘♦② ❢♦❧❧♦✇✐♥❣ ❛♥ ❛❧❣♦r✐t❤♠ ❜② ❘❡❞❛ ❛♥❞ ❆♥❞r❡❛s ✭✷✵✵✹✮✳ ❲❡ ❜✐♥♥❡❞ ❛❧❧
s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s ✐♥t♦ 2➦ ❜✐♥s ❛♥❞ ✉s❡❞ 10min ❛✈❡r❛❣❡s ❢♦r K ❛♥❞ L t♦ ❝♦♠♣✉t❡
✷✺
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
Rn✱ α✱ ❛♥❞ T ✳ ■♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ s♦❧❛r ❛♥❣❧❡ ✐♥✢✉❡♥❝❡✱ ✇❡ t♦♦❦ ❞❛✐❧② ❛✈❡r❛❣❡
✢✉①❡s ♦❢ K ❛♥❞ L t♦ ❝♦♠♣✉t❡ Rn✱ α✱ ❛♥❞ T ❢♦r t❤❡ ❛♥❛❧②s✐s ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡
❛♥❞ ❝❧♦✉❞ ❝♦✈❡r ❡✛❡❝ts✳ ■♥ t❤✐s ❝❛s❡✱ ✇❡ ❝♦♠♣✉t❡❞ ♠❡❛♥ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥
♣❡r ❞❛② ♦r ❝❧♦✉❞ ❝♦♥❞✐t✐♦♥✳ ❲❡ ✉s❡ t❤❡ t❡r♠ ❵s♦✐❧ s❤❛❞✐♥❣✬ ❛s r❡❞✉❝t✐♦♥ ♦❢ ✐♥❝♦♠✐♥❣
s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✭✶✕tr❛♥s♠✐tt❛♥❝❡✮✳ ❲❡ ❞❡✜♥❡ t❤❡ ♣❡❛❦ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛s ✶ ❏✉❧②
✕ ✶✺ ❆✉❣✉st ✭❋✐❣✳ ✷✳✷✮✳
✵✶ ✵✷ ✵✸ ✵✹ ✵✺ ✵✻ ✵✼ ✵✽ ✵✾ ✶✵ ✶✶ ✶✷
50
60
70
80
90
❙
♥
♦
✇
♠
❡❧
t
P
❡❛
❦
❣
r♦
✇
✐♥
❣
s❡
❛
s♦
♥
▼♦♥t❤
▼
✐♥
✐♠
✉
♠
s♦
❧❛
r
③❡
♥
✐t
❤
❛
♥
❣
❧❡
✭➦
✮
❋✐❣✉r❡ ✷✳✷✿ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡ ❛t s♦❧❛r ♥♦♦♥ ✭✶✹✿✶✵ ❧♦❝❛❧ t✐♠❡✮❀
s♥♦✇♠❡❧t ✭❜❧✉❡✮ ❛♥❞ ❣r♦✇✐♥❣ s❡❛s♦♥ ✭❧✐❣❤t ❣r❡②✮ ✐♥ ❞✐✛❡r❡♥t ②❡❛rs ✭❞❛t❡s ❢r♦♠ P❛r✲
♠❡♥t✐❡r ❡t ❛❧✳✱ ✷✵✶✶❜✮ ❛♥❞ ♣❡❛❦ ❣r♦✇✐♥❣ s❡❛s♦♥ ✭✶ ❏✉❧② ✕ ✶✺ ❆✉❣✉st✮✳
■♥ ♦r❞❡r t♦ q✉❛♥t✐❢② t❤❡ ❡✛❡❝ts ♦❢ ❝❧♦✉❞s ♦♥ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ✇❡
❝❧❛ss✐✜❡❞ t❤❡ ❝❧♦✉❞ ❝♦✈❡r ✐♥t♦ t❤r❡❡ ❝❛t❡❣♦r✐❡s✱ ❝❧❡❛r s❦②✱ ♣❛rt❧② ❝❧♦✉❞②✱ ❛♥❞ ❝❧♦✉❞②✳
❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s ❜❛s❡❞ ♦♥ t❤❡ ❝❧♦✉❞ ❢❛❝t♦r cf ✭❚✉❧❧❡r ✱ ✶✾✼✻❀ ❈r❛✇❢♦r❞ ❛♥❞
❉✉❝❤♦♥✱ ✶✾✾✾✮
cf = 1−
K↓,measured
K↓,potential
✇✐t❤ ♠❡❛s✉r❡❞ ✭K↓,measured✮ ❛♥❞ ♣♦t❡♥t✐❛❧ ✭K↓,potential✮ ✐♥❝♦♠✐♥❣ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✳
❲❡ ❝♦♠♣✉t❡❞K↓,potential ❢♦r ❡❛❝❤ 10min ✐♥t❡r✈❛❧ ✉s✐♥❣ ❛♥ ❛t♠♦s♣❤❡r✐❝ tr❛♥s❢❡r ♠♦❞❡❧
❜② ❈♦rr✐♣✐♦ ✭✷✵✵✸✮ ♦♥ t❤❡ ❜❛s✐s ♦❢ t❤❡ ■q❜❛❧ ✭✶✾✽✸✮ st✉❞② ♦♥ s♦❧❛r r❛❞✐❛t✐♦♥ tr❛♥s❢❡r
t❤r♦✉❣❤ t❤❡ ❛t♠♦s♣❤❡r❡✳ ❚❤❡ ♠♦st ✐♠♣♦rt❛♥t ♠♦❞❡❧ ✐♥♣✉ts ✇❡r❡ s✐t❡ ❧♦❝❛t✐♦♥✱
♠❡❛s✉r❡❞ ❛✐r t❡♠♣❡r❛t✉r❡✱ ❛♥❞ ♠❡❛s✉r❡❞ s✉r❢❛❝❡ ❛❧❜❡❞♦✳ ❖t❤❡r ♣❛r❛♠❡t❡rs ✇❡r❡
♦③♦♥❡ ❧❛②❡r t❤✐❝❦♥❡ss ✭300DU✮✱ ✈✐s✐❜✐❧✐t② ✭180 km✮✱ ❛♥❞ r❡❧❛t✐✈❡ ❤✉♠✐❞✐t② ✭✽✵✪✮✳
❚♦♣♦❣r❛♣❤✐❝ s❤❛❞✐♥❣ ✇❛s ♥❡❣❧❡❝t❡❞ ❜❡❝❛✉s❡ t❤❡ r❡s❡❛r❝❤ s✐t❡ ✐s ❛❧♠♦st ✢❛t✳ ❲❡
✈❛❧✐❞❛t❡❞ t❤❡ ♠♦❞❡❧ ✉s✐♥❣ ♦❜s❡r✈❡❞ ❝❧❡❛r✲s❦② K↓,measured✳ ❆s t❤❡ r❡❧❛t✐✈❡ ❡rr♦r ♦❢
K↓,measured ❛♥❞ K↓,potential ✐♥❝r❡❛s❡s ❛t ❧♦✇ ✈❛❧✉❡s ✐♥ t❤❡ ♠♦r♥✐♥❣ ❛♥❞ ❡✈❡♥✐♥❣✱ ✇❡
♦♥❧② ❝♦♠♣✉t❡❞ ❝❧♦✉❞ ❢❛❝t♦rs ✇❤❡♥ K↓,potential > 50Wm−2✳ ❲❡ ❝❛❧❝✉❧❛t❡❞ t❤❡ ♠❡❛♥
❝❧♦✉❞ ❢❛❝t♦r✱ ❡✐t❤❡r ✇✐t❤✐♥ ❛ ❞❛② ♦r ♦❢ ❡❛❝❤ t✐♠❡ st❡♣✳ ❲❤✐❧❡ ✇❡ ✉s❡❞ t❤❡ ❞❛✐❧②
✷✻
❝❧❛ss✐✜❝❛t✐♦♥ t♦ ❛♥❛❧②s❡ ✈❡❣❡t❛t✐♦♥ ❛♥❞ ❝❧♦✉❞ ✐♠♣❛❝ts✱ t❤❡ 10min ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s
♥❡❡❞❡❞ ❢♦r s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡ ❡✛❡❝ts✳ ❊❛❝❤ ❞❛② ✇✐t❤ ❛ ♠❡❛♥ ❝❧♦✉❞ ❢❛❝t♦r ❜❡❧♦✇ ✵✳✶✺
✇❛s ❝❧❛ss✐✜❡❞ ❛s ❵❈❧❡❛r s❦②✬✱ ❞❛②s ❛❜♦✈❡ ✵✳✺✺ ✇❡r❡ ❝❧❛ss✐✜❡❞ ❛s ❵❈❧♦✉❞②✬ ✇❤✐❧❡ ❛❧❧
♦t❤❡r ❞❛②s ✇❡r❡ ❝❛t❡❣♦r✐s❡❞ ❛s ❵P❛rt❧② ❝❧♦✉❞②✬✳ ❲❡ ✉s❡❞ t❤❡ s❛♠❡ t❤r❡s❤♦❧❞s ❛s ❢♦r
❞❛✐❧② ✈❛❧✉❡s ❢♦r t❤❡ 10min ✐♥t❡r✈❛❧s ❜✉t ✇✐t❤ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❝♦♥❞✐t✐♦♥ t❤❛t ❝❧❡❛r✲s❦②
❛♥❞ ❝❧♦✉❞② ✐♥t❡r✈❛❧s r❡q✉✐r❡❞ ❛ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ < 0.1 ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ✶✲❤♦✉r
❝❡♥tr❡❞ ❛t t❤❡ 10min ✐♥t❡r✈❛❧ ♦❢ ✐♥t❡r❡st✳ ❍✐❣❤❡r ✈❛r✐❛t✐♦♥ ✐♥❞✐❝❛t❡❞ ♣❛rt❧② ❝❧♦✉❞②
❝♦♥❞✐t✐♦♥s✳ ❲❡ ✉s❡❞ ▼❆❚▲❆❇➤ ❢♦r ❛❧❧ ❝♦♠♣✉t❛t✐♦♥s✳
❲❡ ✉s❡❞ t✲t❡sts t♦ ❛ss❡ss t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❞✇❛r❢ s❤r✉❜ ❛♥❞ s❡❞❣❡ ❝❤❛r❛❝✲
t❡r✐st✐❝s✱ ♥❛♠❡❧② ✐♥ ❝❛♥♦♣② ❤❡✐❣❤t✱ ▲❆■✱ P❆❘ r❡✢❡❝t❛♥❝❡✱ ❛♥❞ P❆❘ tr❛♥s♠✐tt❛♥❝❡
♦♥ t❤❡ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ♣❧♦ts✳ ▼❡❛♥ ✈❛❧✉❡s ❛r❡ s❤♦✇♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ t♦
✐❧❧✉str❛t❡ t❤❡ s♣❛t✐❛❧ ♦r t❡♠♣♦r❛❧ ✈❛r✐❛❜✐❧✐t②✳
✷✳✸ ❘❡s✉❧ts
✷✳✸✳✶ ❈❛♥♦♣② str✉❝t✉r❡
❉✇❛r❢ s❤r✉❜ ❛♥❞ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ s❤♦✇❡❞ ❞✐✛❡r❡♥t ❝❛♥♦♣② ❝❤❛r❛❝t❡r✐st✐❝s✱ r❛❞✐❛t✐♦♥
❜✉❞❣❡ts✱ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s✳ ❚❤❡ s❡❞❣❡ ❝❛♥♦♣② ✇❛s ♦♥ ❛✈❡r❛❣❡ 48.0± 0.8 cm ❤✐❣❤✱
❛❧♠♦st t✇✐❝❡ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣② ✭❋✐❣✳ ✷✳✸❛✮✳ ❚❤❡ ❡st✐♠❛t❡❞ s❡❞❣❡
❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✇❛s ♦♥ ❛✈❡r❛❣❡ 1.4± 0.3 ❛♥❞ t❤❡ ♣r♦❥❡❝t❡❞ ❞✇❛r❢ s❤r✉❜ ❧❡❛❢ ❛r❡❛ ✐♥❞❡①
❛s ❡st✐♠❛t❡❞ ✉s✐♥❣ ♣♦✐♥t q✉❛❞r❛ts ✇❛s 0.8± 0.1 ✭❋✐❣✳ ✷✳✸❜✮✳ ❆♣❛rt ❢r♦♠ t❤❡ ❣r❡❡♥
❧❡❛✈❡s✱ ❛❧s♦ ✇♦♦❞ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ♠❛t❡r✐❛❧ ❝❛♥ ✐♥✢✉❡♥❝❡ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✳
❚❤❡ ❞✇❛r❢ s❤r✉❜ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ✇❛s s✐♠✐❧❛r t♦ t❤❡ ❧❡❛❢ ❛r❡❛ ✐♥❞❡①✳ ❚❤❡ s✉♠ ♦❢
♣r♦❥❡❝t❡❞ s❤r✉❜ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ✇❛s 1.5± 0.3✱ s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ ✇❡t
s❡❞❣❡s ❧❡❛❢ ❛r❡❛ ✐♥❞❡①✳ ❇❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✱ ❧✐tt❡r ❝♦✈❡r❡❞ ♦♥ ❛✈❡r❛❣❡ ✺✻✪ ♦❢ t❤❡
s✉r❢❛❝❡✳ ■♥ ❛❧❧ t❤r❡❡ ❞❡str✉❝t✐✈❡ ❤❛r✈❡sts ♦❢ s❡❞❣❡ ❧❡❛❢ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛
✇❡ ❢♦✉♥❞ t❤❛t st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ ✇❛s ✶✳✶ t✐♠❡s ❣r❡❡♥ ❧❡❛❢ ❛r❡❛✳ ❆❞❞✐t✐♦♥❛❧❧②✱
✇❡t ❧✐tt❡r ❝♦✈❡r❡❞ ♠♦st ♦❢ t❤❡ s✉r❢❛❝❡ ❜❡❧♦✇ ❣r❡❡♥ ❛♥❞ ❞❡❛❞ s❡❞❣❡ ❧❡❛✈❡s✳
✷✳✸✳✷ ❆❜♦✈❡✲❝❛♥♦♣② r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
❉✇❛r❢ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ ✐♥✢✉❡♥❝❡ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❞✐✛❡r❡♥t❧②✳
❲❤✐❧❡ t❤❡ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣② r❡✢❡❝t❡❞ ❧❡ss s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✱ ✐t ❡♠✐tt❡❞ ♠♦r❡
❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✐♥ ♥❡t r❛❞✐❛t✐♦♥
♦♥ ❛✈❡r❛❣❡ ❛♥❞ ❛t ❛♥② s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡ ✇❛s ✈❡r② s♠❛❧❧ ✭❚❛❜❧❡ ✷✳✶✱ ❋✐❣✳ ✷✳✺❛✱ ❜✮✳
❉✉r✐♥❣ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥✱ s❡❞❣❡ ❛❧❜❡❞♦ ✇❛s ❝♦♥s✐st❡♥t❧② ❤✐❣❤❡r t❤❛♥ ❞✇❛r❢ s❤r✉❜
❛❧❜❡❞♦ ✭❋✐❣✳ ✷✳✹ ❛♥❞ ✷✳✺❝✱ ❞✮✳ ❚❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ♠❡❛♥ ❞❛✐❧② ❛❧❜❡❞♦ ✇❛s ✵✳✶✺ ❢♦r
❞✇❛r❢ s❤r✉❜s ❛♥❞ ✵✳✶✼ ❢♦r s❡❞❣❡s ✭❚❛❜❧❡ ✷✳✶✮✳ ■♥ ❛❜s♦❧✉t❡ t❡r♠s✱ t❤❡ ❞✇❛r❢ s❤r✉❜
✈❡❣❡t❛t✐♦♥✕s♦✐❧ s②st❡♠ ❛❜s♦r❜❡❞ ♦♥ ❛✈❡r❛❣❡ 5Wm−2 ♠♦r❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ t❤❛♥
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♠❡❛s✉r❡❞ ✷✽ ✕ ✸✵ ❏✉❧② ✷✵✶✸✱ ♣❡r❝❡♥t✐❧❡s ✭✷✺✱ ✺✵✱ ❛♥❞ ✼✺✮✱ ♠✐♥✐♠✉♠ ❛♥❞ ♠❛①✐♠✉♠
✈❛❧✉❡s ♦❢ ❡✐❣❤t ♣❧♦ts ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡❀ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥
t②♣❡s ❛r❡ s❤♦✇♥ ✇✐t❤ ✯✯ ✭♣ ≤ ✵✳✵✶✮ ❛♥❞ ✯✯✯ ✭♣ ≤ ✵✳✵✵✶✮✳
❛❧❜❡❞♦ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❜❛s❡❞ ♦♥ t✐♠❡ s❡r✐❡s ♠❡❛s✉r❡♠❡♥ts
❛r❡ ❝♦♥s✐st❡♥t ✇✐t❤ s♣❛t✐❛❧❧② r❡♣❧✐❝❛t❡❞ s♣❡❝tr♦♠❡t❡r ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ P❆❘ r❡✲
❣✐♦♥ ✐♥ ❡✐❣❤t ♣❧♦ts ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡ ✭❋✐❣✳ ✷✳✻❜✮✳ ❍♦✇❡✈❡r✱ P❆❘ r❡✢❡❝t❛♥❝❡ ✇❛s
0.024± 0.006 ❛❜♦✈❡ ❞✇❛r❢ s❤r✉❜s ❛♥❞ 0.034± 0.008 ❛❜♦✈❡ s❡❞❣❡s ❛♥❞ t❤✉s ♠✉❝❤
❧♦✇❡r t❤❛♥ s❤♦rt✇❛✈❡ ❛❧❜❡❞♦✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ s♣r✐♥❣ s♥♦✇ ❞❡♣t❤ ✇❛s 39 cm ❞❡❡♣❡r ✐♥ t❤❡ s❡❞❣❡ ❞❡♣r❡ss✐♦♥
t❤❛♥ ♦♥ t❤❡ ❡❧❡✈❛t❡❞ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤ ✭71 cm ❛♥❞ 32 cm✱ r❡s♣❡❝t✐✈❡❧②✱ ✵✾ ▼❛②
✷✵✶✹✮✳ ❚❤✉s✱ t❤❡ s♥♦✇ ♦♥ t❤❡ s❡❞❣❡ ♣❛t❝❤ ♠❡❧t❡❞ ❛❜♦✉t t❡♥ ❞❛②s ❧❛t❡r ✭✵✸ ❏✉♥❡
✷✵✶✹✮ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤ ✭✷✹ ▼❛② ✷✵✶✹✮✳ ❉✉❡ t♦ t❤❡ ❛❧❜❡❞♦
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ s♥♦✇ ❝♦✈❡r❡❞ ❛♥❞ s♥♦✇ ❢r❡❡ s✉r❢❛❝❡s✱ t❤❡ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤
❛❜s♦r❜❡❞ 125MJm−2 ✭145Wm−2 ♦♥ ✶✵ ❞❛②s✮ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ♠♦r❡ t❤❛♥ t❤❡
s❡❞❣❡ ♣❛t❝❤ ✐♥ t❤✐s t✐♠❡ ✭❋✐❣✳ ✷✳✻❛✮✳
❈❧♦✉❞s r❡❞✉❝❡❞ ❛❧❜❡❞♦ ❛♥❞ ♥❡t r❛❞✐❛t✐♦♥ ♦❢ ❜♦t❤ ❝❛♥♦♣✐❡s t❤r♦✉❣❤♦✉t t❤❡ s✉♠♠❡r
✭❋✐❣✳ ✷✳✺✮✳ ❚❤❡ r❡❞✉❝t✐♦♥ ✐♥ ❛❧❜❡❞♦ ✇❛s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❢♦r s❡❞❣❡s t❤❛♥ ❢♦r ❞✇❛r❢
s❤r✉❜s ✭❚❛❜❧❡ ✷✳✶✮✳ ❲❤✐❧❡ t❤❡ ❝❧❡❛r✲s❦② ❛❧❜❡❞♦ ♦❢ ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✐♥❝r❡❛s❡❞
❛t ❤✐❣❤❡r s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s✱ t❤❡ ❝❧♦✉❞②✲s❦② ❛❧❜❡❞♦ ✇❛s s✐♠✐❧❛r t♦ t❤❡ ❝❧❡❛r✲s❦②
❛❧❜❡❞♦ ❛t s♦❧❛r ♥♦♦♥ ❢♦r ❛❧❧ ③❡♥✐t❤ ❛♥❣❧❡s ✭❋✐❣✳ ✷✳✺❝✱ ❞✮✳ ❉✉❡ t♦ t❤❡ str♦♥❣ ❡✛❡❝t ♦❢
③❡♥✐t❤ ❛♥❣❧❡ ♦♥ ❝❧❡❛r✲s❦② ❛❧❜❡❞♦✱ t❤❡ ❝❧♦✉❞ ❡✛❡❝ts ✇❡r❡ str♦♥❣❡st ✐♥ ❆✉❣✉st✱ ✇❤❡♥
t❤❡ ♠✐♥✐♠✉♠ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡ ✇❛s ❧❛r❣❡r t❤❛♥ ✐♥ ❏✉♥❡ ♦r ❏✉❧② ✭❋✐❣✳ ✷✳✷✮✳ ■♥ ❜♦t❤
s✉♠♠❡rs ✷✵✶✸ ❛♥❞ ✷✵✶✹ ❛❜♦✉t ✷✵✪ ♦❢ t❤❡ ❞❛②s ✇❡r❡ ❝❧❛ss✐✜❡❞ ❛s ❝❧❡❛r s❦② ❛♥❞ ✷✵✪
❛s ❝❧♦✉❞②✱ t❤❡ r❡♠❛✐♥✐♥❣ ❛s ♣❛rt❧② ❝❧♦✉❞②✳
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❛♥❞ ❝❧♦✉❞ ❝♦✈❡r ❢♦r ❞✇❛r❢ s❤r✉❜ ✭❛✱ ❝✮ ❛♥❞ s❡❞❣❡ ✭❜✱ ❞✮✱ ❣r♦✇✐♥❣ s❡❛s♦♥ ♠❡❛♥ ± st❛♥✲
❞❛r❞ ❞❡✈✐❛t✐♦♥ ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ❢♦r 2➦ ✐♥t❡r✈❛❧s❀ t❤❡ ❞❛s❤❡❞ ❧✐♥❡s r❡♣r❡s❡♥t t❤❡ ♠❡❛♥
❞✐❡❧ ✈❛❧✉❡ ✉♥❞❡r ❡❛❝❤ ❝♦♥❞✐t✐♦♥✳
✸✵
❚❛❜❧❡ ✷✳✶✿ ❊♥❡r❣② ✢✉①❡s ❛♥❞ s♦✐❧ t❡♠♣❡r❛t✉r❡s ✭♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❞❡t❡r♠✐♥❡❞
❢r♦♠ ❞❛✐❧② ❛✈❡r❛❣❡s✮ ♦❢ ❞✇❛r❢ s❤r✉❜ ❛♥❞ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ ✉♥❞❡r ✈❛r②✐♥❣ ❝❧♦✉❞ ❝♦♥❞✐✲
t✐♦♥s ✐♥ t❤❡ ♣❡❛❦ ❣r♦✇✐♥❣ s❡❛s♦♥ ✷✵✶✸ ❛♥❞ ✷✵✶✹❀ s✇✳ ❞❡♥♦t❡s s❤♦rt✇❛✈❡✳
❚②♣❡ ❈♦♥❞✐t✐♦♥ ❆❧❜❡❞♦ ❚r❛♥s♠✐tt❛♥❝❡ ◆❡t
r❛❞✐❛t✐♦♥
◆❡t s✇✳
r❛❞✐❛t✐♦♥
❙♦✐❧ t❡♠♣✳ ❙♦✐❧ ❤❡❛t
✢✉①
✭−4 cm✮ ✭−10 cm✮
Wm−2 Wm−2 ➦C Wm−2
❉✇❛r❢ ❆❧❧ 0.15± 0.01 0.36± 0.07 116.0± 3.8 157.0± 5.4 5.9± 2.0 8.6± 3.2
s❤r✉❜s ❈❧❡❛r s❦② 0.15± 0.01 0.32± 0.04 144.0± 3.4 215.0± 3.4 7.2± 2.0 10.6± 3.7
P❛rt❧② ❝❧♦✉❞② 0.15± 0.01 0.36± 0.06 123.0± 3.0 164.0± 3.6 6.1± 1.7 8.8± 2.9
❈❧♦✉❞② 0.14± 0.02 0.40± 0.07 75.0± 2.7 89.0± 2.6 4.3± 1.6 6.1± 2.0
❙❡❞❣❡s ❆❧❧ 0.17± 0.02 0.28± 0.08 114.0± 3.8 152.0± 5.2 5.8± 2.3 14.8± 5.2
❈❧❡❛r s❦② 0.19± 0.02 0.23± 0.03 140.0± 3.4 207.0± 3.4 7.0± 2.6 16.9± 6.0
P❛rt❧② ❝❧♦✉❞② 0.17± 0.02 0.27± 0.07 121.0± 3.0 160.0± 3.6 5.8± 2.1 15.1± 5.0
❈❧♦✉❞② 0.16± 0.02 0.33± 0.10 74.0± 2.7 87.0± 2.6 4.6± 1.8 11.9± 3.9
t❤❡ s✉r❢❛❝❡ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ✇❛s ❡①♣♦s❡❞ t♦ 15Wm−2 s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✐♥
❛❞❞✐t✐♦♥ t♦ ✇❤❛t ✇❡ ♦❜s❡r✈❡❞ ❜❡❧♦✇ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥✳ ❚❤❡ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞
♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ P❆❘ r❛♥❣❡ ❛❧s♦ s❤♦✇❡❞ ❛ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡
t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭❋✐❣✳ ✷✳✼❝✮✳ ❍♦✇❡✈❡r✱ t❤❡ ♠❛❥♦r ❡✛❡❝t ❝♦✉❧❞ ❜❡ ❛ttr✐❜✉t❡❞ t♦
t❤❡ ♠✉❧t✐✲②❡❛r st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❜❡❧♦✇ t❤❡ ❣r❡❡♥ s❡❞❣❡ ❧❡❛✈❡s✳ ❚❤❡ ❣r❡❡♥ ❧❡❛✈❡s
tr❛♥s♠✐tt❡❞ ♠♦r❡ ❧✐❣❤t ✭0.62± 0.11✮ t❤❛♥ ❞✇❛r❢ s❤r✉❜s ✭0.25± 0.07✮✱ ❜✉t ♠♦st ❧✐❣❤t
✇❛s r❡✢❡❝t❡❞ ♦r ❛❜s♦r❜❡❞ ❜② t❤❡ st❛♥❞✐♥❣ ❞❡❛❞ ❧❛②❡r ✭❋✐❣✳ ✷✳✼❝✮✳
❚r❛♥s♠✐tt❛♥❝❡ ✇❛s str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② ❝❧♦✉❞s ✭❋✐❣✳ ✷✳✼❛✱ ❜✮✳ ❖♥ ❛✈❡r❛❣❡✱ ❝❧♦✉❞s
✐♥❝r❡❛s❡❞ t❤❡ tr❛♥s♠✐tt❛♥❝❡ ❜② ✷✺✪ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ❜② ✹✸✪ ❜❡❧♦✇ s❡❞❣❡s
✭❚❛❜❧❡ ✷✳✶✮✳ ❍♦✇❡✈❡r✱ ❢♦r s♣❡❝✐✜❝ ❧♦❝❛t✐♦♥s ❛♥❞ s✉♥ ❛♥❣❧❡s t❤❡ ❝❧❡❛r✲s❦② tr❛♥s♠✐t✲
t❛♥❝❡ ❡①❝❡❡❞❡❞ t❤❡ tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❝❧♦✉❞② t✐♠❡s ✭❋✐❣✳ ✷✳✽✮✳ ❚r❛♥s♠✐tt❛♥❝❡ ✇❛s
❣❡♥❡r❛❧❧② ❤✐❣❤❡r ❛t s♠❛❧❧ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s✱ ❡s♣❡❝✐❛❧❧② ❢♦r s❡❞❣❡s ❛♥❞ ❛t ❝❧❡❛r✲s❦②
❝♦♥❞✐t✐♦♥s ✭❋✐❣✳ ✷✳✼❛✱ ❜✮✳ ❋✉rt❤❡r♠♦r❡✱ s♦✐❧ s❤❛❞✐♥❣ ✇❛s ❤✐❣❤❧② s♣❛t✐❛❧❧② ❛♥❞ t❡♠✲
♣♦r❛❧❧② ✈❛r✐❛❜❧❡✱ ❡s♣❡❝✐❛❧❧② ✉♥❞❡r ❝❧❡❛r✲s❦② ❝♦♥❞✐t✐♦♥s ✭❋✐❣✳ ✷✳✼❛✱ ❜ ❛♥❞ ❋✐❣✳ ✷✳✽✮✳
✷✳✸✳✹ ❙♦✐❧ ❤❡❛t ✢✉① ❛♥❞ ♣❡r♠❛❢r♦st ❛❝t✐✈❡ ❧❛②❡r
❊①❝❡♣t ❞✉r✐♥❣ t❤❡ ❝♦❧❞ ❛♥❞ s♥♦✇✲❝♦✈❡r❡❞ ♣❡r✐♦❞✱ t❤❡ s♦✐❧ ❤❡❛t ✢✉① ❛t 10 cm ❞❡♣t❤
✇❛s ❝♦♥s✐st❡♥t❧② ❤✐❣❤❡r ❜❡❧♦✇ s❡❞❣❡s t❤❛♥ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ✭❋✐❣✳ ✷✳✾❛✮✳ ❆s s♦♦♥
❛s t❤❡ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤ ✇❛s ♣❛rt❧② s♥♦✇ ❢r❡❡ ✐♥ ▼❛② ✷✵✶✹✱ t❤❡ s♦✐❧ ❤❡❛t ✢✉① ❛t t❤❡
s❡❞❣❡s r❡❛❝❤❡❞ ❛ ♣❡❛❦ ♦❢ 30Wm−2 ✇❤✐❧❡ t❤❡ ❤❡❛t ✢✉① ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ✇❛s ❧❡ss
t❤❛♥ 5Wm−2✳ ❆❢t❡r✇❛r❞s✱ t❤❡ s❡❞❣❡ s♦✐❧ ❤❡❛t ✢✉① r❡❞✉❝❡❞ t♦ ❛❜♦✉t ✶✳✻ t✐♠❡s t❤❡
✢✉① ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ❜② t❤❡ ❡♥❞ ♦❢ ❏✉❧② ✭❋✐❣✳ ✷✳✾✮✳ ❚❤❡ ♠❡❛♥ ❣r♦✇✐♥❣ s❡❛s♦♥
s♦✐❧ ❤❡❛t ✢✉① ♦❢ ✷✵✶✸ ❛♥❞ ✷✵✶✹ ✇❛s 8.6Wm−2 ♦♥ t❤❡ ❞✇❛r❢ s❤r✉❜ ❛♥❞ 14.8Wm−2
♦♥ t❤❡ s❡❞❣❡ ♣❛t❝❤ ✭❚❛❜❧❡ ✷✳✶✮✳ ❚❤❡ ✷✵✶✹ ❣r♦✇✐♥❣ s❡❛s♦♥ ✇❛s ✇❡tt❡r t❤❛♥ ✷✵✶✸✱
✸✶
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
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❋✐❣✉r❡ ✷✳✻✿ ✭❛✮ ❈✉♠✉❧❛t✐✈❡ ♥❡t s❤♦rt✇❛✈❡ ✭s✇✳✮ r❛❞✐❛t✐♦♥ ✶✶ ▼❛② ✕ ✶✻ ❆✉❣✉st ✷✵✶✹✱
❞❛② ♦❢ ❝♦♠♣❧❡t❡ s♥♦✇♠❡❧t ✭❙▼✮ ✐♥❞✐❝❛t❡❞ ❢♦r ❞✇❛r❢ s❤r✉❜s ❛♥❞ s❡❞❣❡s ❛♥❞ ✭❜✮ s♣❛t✐❛❧
✈❛r✐❛❜✐❧✐t② ♦❢ P❆❘ ✭400✕700 nm✮ r❡✢❡❝t❛♥❝❡ ✇✐t❤✐♥ ✈❡❣❡t❛t✐♦♥ t②♣❡ ♠❡❛s✉r❡❞ ♦♥ ✷✺
❏✉❧② ✷✵✶✸✱ ♣❡r❝❡♥t✐❧❡s ✭✷✺✱ ✺✵✱ ❛♥❞ ✼✺✮✱ ♠✐♥✐♠✉♠ ❛♥❞ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ ❡✐❣❤t ♣❧♦ts
♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡❀ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛r❡ s❤♦✇♥ ✇✐t❤
✯✯ ✭♣ ≤ ✵✳✵✶✮✳
r❡s✉❧t✐♥❣ ✐♥ ❡❧❡✈❛t❡❞ s♦✐❧ ♠♦✐st✉r❡ ❝♦♥t❡♥t ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ✭0.52m3 m−3 ❛♥❞
0.37m3 m−3 ✐♥ ✷✵✶✹ ❛♥❞ ✷✵✶✸✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❚❤❡ s❡❞❣❡s s♦✐❧ ✇❛s s❛t✉r❛t❡❞ ❛t ❛❧❧
t✐♠❡s ✇✐t❤ ❛ ♠♦✐st✉r❡ ❝♦♥t❡♥t ♦❢ ❛❜♦✉t 0.7m3 m−3✳ ❍♦✇❡✈❡r✱ ✇❡ ♦❜s❡r✈❡❞ ❤✐❣❤❡r
✇❛t❡r ❧❡✈❡❧s ❛t t❤❡ s❡❞❣❡s ✐♥ ✷✵✶✹✳ ❚❤❡ ✇❡tt❡r ❝♦♥❞✐t✐♦♥s ✐♥ ✷✵✶✹ ❢♦st❡r❡❞ ❤✐❣❤❡r s♦✐❧
❤❡❛t ✢✉①❡s ❜❡❧♦✇ ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❚♦♣ s♦✐❧ t❡♠♣❡r❛t✉r❡ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s
✇❛s ♦♥ ❛✈❡r❛❣❡ 1.1 ➦C ✇❛r♠❡r ✐♥ t❤❡ ❞r② ❣r♦✇✐♥❣ s❡❛s♦♥ ✷✵✶✸✱ ✇❤✐❧❡ ✐t ✇❛s 0.6 ➦C
❝♦❧❞❡r t❤❛♥ ❜❡❧♦✇ s❡❞❣❡s ✐♥ t❤❡ ✇❡t ❣r♦✇✐♥❣ s❡❛s♦♥ ✷✵✶✹✳ ❖♥ ❛✈❡r❛❣❡ ♦✈❡r ❜♦t❤
s✉♠♠❡r ♠❡❛s✉r❡♠❡♥t ♣❡r✐♦❞s✱ t❤❡ t♦♣ s♦✐❧ t❡♠♣❡r❛t✉r❡ ✇❛s ❛❧♠♦st ❡q✉❛❧ ❜❡❧♦✇
❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭❚❛❜❧❡ ✷✳✶✮✳ ❚❤❡ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss
♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ s♦✐❧ ❤❡❛t ✢✉① ♠❡❛s✉r❡♠❡♥ts✳ ❖♥ ❛✈❡r❛❣❡✱ t❤❡
❛❝t✐✈❡ ❧❛②❡r ❜❡❧♦✇ s❡❞❣❡s ✇❛s ✶✳✽ t✐♠❡s ❞❡❡♣❡r t❤❛♥ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ✭❋✐❣✳ ✷✳✾❜✮✳
✷✳✹ ❉✐s❝✉ss✐♦♥
❲❡ ❢♦✉♥❞ t❤❛t ✇❡t s❡❞❣❡s s❤❛❞❡ t❤❡ s♦✐❧ ♠♦r❡ ❡✣❝✐❡♥t❧② t❤❛♥ ❞✇❛r❢ s❤r✉❜s✱ ✇❤✐❝❤
✐s ✐♥ ❝♦♥tr❛st t♦ t❤❡ ❤✐❣❤❡r s♦✐❧ ❤❡❛t ✢✉① ❜❡❧♦✇ s❡❞❣❡s✳ ❚❤❡ ❝♦♥s✐❞❡r❛❜❧❡ s❤❛❞✐♥❣ ❜②
✇❡t s❡❞❣❡s ❝❛♥ ♣❛rt❧② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ t❤✐❝❦ ❧❛②❡r ♦❢ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✳ ❚❤❡
s♦✐❧ ❤❡❛t ✢✉①✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❞❡♣❡♥❞❡❞ str♦♥❣❧② ♦♥ s♦✐❧ ♣r♦♣❡rt✐❡s✳ ❚❤✐s ✐s ✐♥
❝♦♥tr❛st t♦ t❤❡ st✉❞✐❡s ❜② ❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✵✮ ❛♥❞ ▲❛✇r❡♥❝❡ ❛♥❞ ❙✇❡♥s♦♥ ✭✷✵✶✶✮✱ ✇❤✐❝❤
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❧❡
❛✈
❡s
✮
❋✐❣✉r❡ ✷✳✼✿ ✭❛✱❜✮ ❙❤♦rt✇❛✈❡ tr❛♥s♠✐tt❛♥❝❡ ❞❡♣❡♥❞✐♥❣ ♦♥ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡ ❛♥❞ ❝❧♦✉❞
❝♦✈❡r ❢♦r ❞✇❛r❢ s❤r✉❜ ✭❛✮ ❛♥❞ s❡❞❣❡ ✭❜✮✱ ❣r♦✇✐♥❣ s❡❛s♦♥ ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥
❝❛❧❝✉❧❛t❡❞ ❢♦r 2➦ ✐♥t❡r✈❛❧s✱ t❤❡ ❞❛s❤❡❞ ❧✐♥❡s r❡♣r❡s❡♥t t❤❡ ♠❡❛♥ ❞✐❡❧ ✈❛❧✉❡ ✉♥❞❡r ❡❛❝❤
❝♦♥❞✐t✐♦♥ ❛♥❞ ✭❝✮ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ P❆❘ ✭400✕700 nm✮ tr❛♥s♠✐tt❛♥❝❡ ♠❡❛s✉r❡❞
✵✸ ❆✉❣✉st ✷✵✶✸✱ ♣❡r❝❡♥t✐❧❡s ✭✷✺✱ ✺✵✱ ❛♥❞ ✼✺✮✱ ♠✐♥✐♠✉♠ ❛♥❞ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ ❡✐❣❤t
♣❧♦ts ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡❀ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛r❡ s❤♦✇♥
✇✐t❤ ✯✯✯ ✭♣ ≤ ✵✳✵✵✶✮✳
✐❞❡♥t✐✜❡❞ s♦✐❧ s❤❛❞✐♥❣ ❛s ✐♠♣♦rt❛♥t ❝♦♥tr♦❧ ♦❢ ❧♦❝❛❧ ♣❡r♠❛❢r♦st t❤❛✇✳ ❆ s❝❤❡♠❛t✐❝ ♦❢
t❤❡ ❞✐✛❡r❡♥❝❡s ✇❡ ❢♦✉♥❞ ❜❡t✇❡❡♥ ❦❡② ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❞✇❛r❢ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡
s②st❡♠ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❋✐❣✳ ✷✳✶✵✳ ❚❤❡ ❞✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts ❛r❡ ❡①♣❧❛✐♥❡❞ ✐♥ ♠♦r❡
❞❡t❛✐❧ ❜❡❧♦✇✳
✷✳✹✳✶ ❆❜♦✈❡✲❝❛♥♦♣② r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
❉✐✛❡r❡♥❝❡s ✐♥ s✉r❢❛❝❡ ❛❧❜❡❞♦ ❝❛♥ ❛✛❡❝t ❛✐r t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇
✭▲❛✇r❡♥❝❡ ❛♥❞ ❙✇❡♥s♦♥✱ ✷✵✶✶❀ ❇♦♥✜❧s ❡t ❛❧✳✱ ✷✵✶✷✮✳ ◆✉♠❡r♦✉s st✉❞✐❡s ❢♦✉♥❞ t❤❛t
s❤r✉❜ t✉♥❞r❛ ❤❛s ❛ ❧♦✇❡r ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦ t❤❛♥ ♥♦✲s❤r✉❜ t✉♥❞r❛ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱
✷✵✵✵❜❀ ❚❤♦♠♣s♦♥ ❡t ❛❧✳✱ ✷✵✵✹❀ ❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺❀ ❆❤r❡♥❞s ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❖✉r st✉❞②
❛❣r❡❡s ✇✐t❤ t❤✐s ✜♥❞✐♥❣ ❛❧t❤♦✉❣❤ t❤❡ ❛❧❜❡❞♦ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❞✇❛r❢ s❤r✉❜s ❛♥❞
✇❡t s❡❞❣❡s ✇❛s s♠❛❧❧ ✭❚❛❜❧❡ ✷✳✶✮✳ ❚❤❡ ♠❡❛♥ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦ ♦❢ ✵✳✶✺ ❢♦r ❞✇❛r❢
s❤r✉❜s ❛♥❞ ✵✳✶✼ ❢♦r s❡❞❣❡s ♦❜s❡r✈❡❞ ✐♥ ♦✉r st✉❞② ❛❣r❡❡ ✇❡❧❧ ✇✐t❤ ❧✐t❡r❛t✉r❡ ✈❛❧✉❡s
✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✵❜❀ ❊✉❣st❡r ❡t ❛❧✳✱ ✷✵✵✵❀ ❆❤r❡♥❞s ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❚❤❡ ❧♦✇ ✈❛❧✉❡s ✇❡
♠❡❛s✉r❡❞ ❢♦r P❆❘ r❡✢❡❝t❛♥❝❡ ✭❋✐❣✳ ✷✳✻❜✮ ❛r❡ ✐♥ t❤❡ s❛♠❡ r❛♥❣❡ ❛s ✈❛❧✉❡s ♠❡❛s✉r❡❞
❜② ▲❧♦②❞ ❡t ❛❧✳ ✭✷✵✵✶✮ ♦♥ ❛♥ ❆r❝t✐❝ ♣❛❧s❛ ♠✐r❡✳ ❆t ♦✉r st✉❞② s✐t❡✱ t❤❡ ✇❡t s❡❞❣❡
✸✸
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
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❋✐❣✉r❡ ✷✳✽✿ ❚r❛♥s♠✐tt❛♥❝❡ ❞❡♣❡♥❞✐♥❣ ♦♥ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡ ❛♥❞ ❝❧♦✉❞ ❝♦✈❡r❀ ♠❡❛♥ ✈❛❧✲
✉❡s ♣❡r ③❡♥✐t❤ ❛♥❣❧❡ ❢♦r ❡❛❝❤ s✐♥❣❧❡ s❡♥s♦r ❧♦❝❛t✐♦♥ ✐♥ ❡❛❝❤ s✉♠♠❡r❀ ❞✇❛r❢ s❤r✉❜s ✭❛✮
❛♥❞ s❡❞❣❡s ✭❜✮✳
❝❛♥♦♣② ✇❛s ❛❧♠♦st t✇✐❝❡ ❛s t❛❧❧ ❛s t❤❡ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣② ✭❋✐❣✳ ✷✳✸✮✳ ■♥ ❣❡♥❡r❛❧✱
t❛❧❧❡r ❝❛♥♦♣✐❡s tr❛♣ ❧✐❣❤t ♠♦r❡ ❡✣❝✐❡♥t❧② ❛♥❞ t❤✉s ❤❛✈❡ ❛ ❧♦✇❡r ❛❧❜❡❞♦ ✭❖❦❡✱ ✶✾✽✼✮✳
❚❤✐s ✐s ♥♦t t❤❡ ❝❛s❡ ✐♥ ♦✉r ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s✱ ✇❤✐❝❤
♠❛② ❜❡ ❞✉❡ t♦ t✇♦ r❡❛s♦♥s✳ ❋✐rst✱ t❤❡ ✇❡t s❡❞❣❡ ❝❛♥♦♣② ❝♦♠♣r✐s❡s ❧✐❣❤t✲❝♦❧♦✉r❡❞
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✳ ❙❡❝♦♥❞✱ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥s ❛r❡ ❛ ❞♦♠✐♥❛♥t
❝♦♥tr♦❧ ♦❢ ❝❛♥♦♣② r❡✢❡❝t❛♥❝❡ ✭❱❡rstr❛❡t❡✱ ✶✾✽✼❀ ❆s♥❡r ✱ ✶✾✾✽✮✳ ❲❤✐❧❡ ❞✇❛r❢ s❤r✉❜s
♠❛② ❤❛✈❡ ❛ s♣❤❡r✐❝❛❧ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ✭❏✉s③❛❦ ❡t ❛❧✳✱ ✷✵✶✹✮✱ ✇❡t s❡❞❣❡s ❧✐❦❡❧②
❤❛✈❡ ❡r❡❝t♦♣❤✐❧ ❧❡❛✈❡s✳ ❆s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❞r② s✉♠♠❡r ♦❢ ✷✵✶✸✱ t❤❡ ❛❧❜❡❞♦ ✇❛s
❧♦✇❡r ❜② ✵✳✵✶ ♦♥ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ❜② ✵✳✵✸ ♦♥ s❡❞❣❡s ❞✉r✐♥❣ t❤❡ ✇❡tt❡r s✉♠♠❡r ♦❢
✷✵✶✹✳ ■♥ t❤❡ ✇❡t ②❡❛r✱ st❛♥❞✐♥❣ ✇❛t❡r r❡♠❛✐♥❡❞ ❛t t❤❡ s❡❞❣❡ ♣❛t❝❤ t❤r♦✉❣❤♦✉t t❤❡
❣r♦✇✐♥❣ s❡❛s♦♥✳ ▲♦✇ ❛❧❜❡❞♦ ✈❛❧✉❡s ♦♥ ✇❡t s❡❞❣❡ ❧♦❝❛t✐♦♥s✱ ❡s♣❡❝✐❛❧❧② ✇✐t❤ st❛♥❞✐♥❣
✇❛t❡r✱ ❤❛✈❡ ❜❡❡♥ r❡♣♦rt❡❞ ✐♥ ❧✐t❡r❛t✉r❡ ✭▲❛✢❡✉r ❡t ❛❧✳✱ ✶✾✾✼❀ ▲❛♥❣❡r ❡t ❛❧✳✱ ✷✵✶✶❜❀
●❛♠♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳
❙❤r✉❜s ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❡❛r❧✐❡r s♥♦✇♠❡❧t ❛♥❞ t❤✉s ❞❡❝r❡❛s❡❞ s♣r✐♥❣ ❛❧❜❡❞♦
✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✺❀ P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✵✻✮✳ ■♥ s♣r✐♥❣ ✷✵✶✹✱ t❤❡ s♥♦✇ ♠❡❧t❡❞ t❡♥ ❞❛②s
❡❛r❧✐❡r ♦♥ t❤❡ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ✇❡t s❡❞❣❡ ♣❛t❝❤✳ ❆s ❢♦✉♥❞
❜② ❈❤❛♣✐♥ ❡t ❛❧✳ ✭✷✵✵✺✮ ❛♥❞ ❙t✉r♠ ❡t ❛❧✳ ✭✷✵✵✺✮✱ ✐♥ ♦✉r st✉❞② s♥♦✇♠❡❧t t✐♠✐♥❣ ✇❛s
❢❛r ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣② ❜✉❞❣❡t t❤❛♥ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦
❞✐✛❡r❡♥❝❡ ✭❋✐❣✳ ✷✳✻❛✮✳ ❆♣❛rt ❢r♦♠ t❤❡ ❧❛r❣❡ ❛❧❜❡❞♦ ❞✐✛❡r❡♥❝❡ ✐♥ t❤✐s ♣❡r✐♦❞✱ t❤❡
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✮
❋✐❣✉r❡ ✷✳✾✿ ✭❛✮ ❈✉♠✉❧❛t✐✈❡ s♦✐❧ ❤❡❛t ✢✉① ✷✵✶✹ ❛t −10 cm ❞❡♣t❤✱ ❞❛② ♦❢ ❝♦♠♣❧❡t❡
s♥♦✇♠❡❧t ✭❙▼✮ ✐♥❞✐❝❛t❡❞ ❢♦r ❞✇❛r❢ s❤r✉❜s ❛♥❞ s❡❞❣❡s ❛♥❞ ✭❜✮ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢
❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ✇✐t❤✐♥ ✈❡❣❡t❛t✐♦♥ t②♣❡✱ ♠❡❛s✉r❡❞ ✷✽ ✕ ✸✵ ❏✉❧② ✷✵✶✸✱ ♣❡r❝❡♥t✐❧❡s
✭✷✺✱ ✺✵✱ ❛♥❞ ✼✺✮✱ ♠✐♥✐♠✉♠ ❛♥❞ ♠❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ ❡✐❣❤t ♣❧♦ts ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡❀
s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛r❡ s❤♦✇♥ ✇✐t❤ ✯✯✯ ✭♣ ≤ ✵✳✵✵✶✮✳
❤✐❣❤ ✈❛❧✉❡s ♦❢ ✐♥❝♦♠✐♥❣ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❡♥❞ ♦❢ ▼❛② ❛♥❞ ❜❡❣✐♥♥✐♥❣ ♦❢ ❏✉♥❡
❝♦♥tr✐❜✉t❡❞ t♦ t❤❡ ❡✛❡❝t✳ ❍♦✇❡✈❡r✱ ❛t ♦✉r st✉❞② s✐t❡✱ t❤❡ ❡❛r❧✐❡r s♥♦✇♠❡❧t ❛t t❤❡
s❤r✉❜ ❧♦❝❛t✐♦♥ ✇❛s ♥♦t ♣r✐♠❛r✐❧② ❞✉❡ t♦ ❜r❛♥❝❤❡s ❡①♣♦s❡❞ ❛❜♦✈❡ t❤❡ s♥♦✇ s✉r❢❛❝❡
✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✺❀ P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✵✻✮✱ ❜✉t r❛t❤❡r ❞✉❡ t♦ t❤❡ t❤✐♥♥❡r s♥♦✇
❝♦✈❡r✳ ❚❤❡ s♥♦✇ ❝♦✈❡r ❧❡✈❡❧❧❡❞ ♦✉t s♦♠❡ ♦❢ t❤❡ ♠✐❝r♦✲t♦♣♦❣r❛♣❤②✳ ❚❤✉s ♠♦r❡ s♥♦✇
❛❝❝✉♠✉❧❛t❡❞ ✐♥ t❤❡ s❡❞❣❡ ❞❡♣r❡ss✐♦♥ ✭71 cm✮ t❤❛♥ ♦♥ t❤❡ ❡❧❡✈❛t❡❞ ❞✇❛r❢ s❤r✉❜ ♣❛t❝❤
✭32 cm✮✳ ❚❤✐s ✐s ✐♥ ❝♦♥tr❛st t♦ ♦❜s❡r✈❛t✐♦♥ ❢r♦♠ st✉❞② s✐t❡s ✇✐t❤ t❛❧❧❡r s❤r✉❜s ✇❤✐❝❤
tr❛♣ s♥♦✇ ❛♥❞ t❤✉s ❧❡❛❞ t♦ ❛ ❞❡❡♣❡r s♥♦✇ ♣❛❝❦ ✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✶❛❀ ▲✐st♦♥ ❡t ❛❧✳✱
✷✵✵✷✮✳
❲❡ ❢♦✉♥❞ t❤❛t ❝❧♦✉❞s r❡❞✉❝❡❞ t❤❡ ❞✐❡❧ ❛❧❜❡❞♦ ❜② ✵✳✵✶ ✭❞✇❛r❢ s❤r✉❜s✮ t♦ ✵✳✵✸
✭s❡❞❣❡s✮✳ ❚❤❡s❡ ✈❛❧✉❡s ❛❣r❡❡ ✇❡❧❧ ✇✐t❤ t❤❡ ✈❛❧✉❡ ♦❢ ✵✳✵✷ st❛t❡❞ ✐♥ ❊✉❣st❡r ❡t ❛❧✳
✭✷✵✵✵✮ ❢♦r ✈❡❣❡t❛t❡❞ ❛♥❞ ✉♥✈❡❣❡t❛t❡❞ t✉♥❞r❛✳ ❆s ❝❧❡❛r✲s❦② ❛♥❞ ❝❧♦✉❞②✲s❦② ❛❧❜❡❞♦
❞✐✛❡r ♠♦st ❛t ❧❛r❣❡ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s✱ ❝❧♦✉❞ ❝♦✈❡r r❡❞✉❝❡❞ t❤❡ ❛❧❜❡❞♦ ♠♦st str♦♥❣❧②
✐♥ t❤❡ ❧❛t❡ ❣r♦✇✐♥❣ s❡❛s♦♥✳ ❚❤❡ ❛✈❡r❛❣❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦ ✐s ❧✐❦❡❧② t♦ ❞❡❝r❡❛s❡ ✐♥
❝❛s❡ ♦❢ ✐♥❝r❡❛s❡❞ ❝❧♦✉❞ ❝♦✈❡r ✐♥ t❤❡ ❢✉t✉r❡ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✺❀❲❛♥❣ ❛♥❞ ❑❡② ✱ ✷✵✵✺❛❀
❱❛✈r✉s ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❚❤❡ str♦♥❣ ❝❧♦✉❞ ✐♠♣❛❝t ♦♥ ❛❧❜❡❞♦ ♠❛s❦❡❞ ♦t❤❡r t❡♠♣♦r❛❧
tr❡♥❞s ✇✐t❤✐♥ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ t❤❛t ♠❛② ❜❡ ❝❛✉s❡❞ ❜② s♦✐❧ ♠♦✐st✉r❡ ♦r ✈❡❣❡t❛t✐♦♥
♣❤❡♥♦❧♦❣②✳
❲❤✐❧❡ ❞✇❛r❢ s❤r✉❜s ❛♥❞ s❡❞❣❡s ❞✐✛❡r❡❞ ✐♥ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ t❤❡
✸✺
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
❘❛t✐♦
Wet sedge
Dwarf shrub
❙♦✐❧ s❤❛❞✐♥❣❆❧❜❡❞♦
◆❡t s✇✳ r❛❞✐❛t✐♦♥◆❡t ❧✇✳ r❛❞✐❛t✐♦♥
◆❡t r❛❞✐❛t✐♦♥
❛❜♦✈❡ ❝❛♥♦♣②
◆❡t r❛❞✐❛t✐♦♥
❜❡❧♦✇ ❝❛♥♦♣②
▼♦✐st✉r❡
❚❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t②
❍❡❛t ❝❛♣❛❝✐t②
❙✉r❢❛❝❡
t❡♠♣❡r❛t✉r❡
❚❡♠♣❡r❛t✉r❡ ❚❤❛✇
❆❧❜❡❞♦
❙♦✐❧ ❤❡❛t ✢✉①
❙♦✐❧
❋✐❣✉r❡ ✷✳✶✵✿ ❉✐✛❡r❡♥t ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ s♦✐❧ ♣r♦♣❡rt✐❡s ❛♥❞ s♦✐❧ ❤❡❛t
✢✉①❡s ✭❜r♦✇♥ ❜♦①✮✱ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛❜♦✈❡ ❛♥❞ ❜❡❧♦✇ ❝❛♥♦♣②✳ ▲❛t❡♥t ❛♥❞ s❡♥✲
s✐❜❧❡ ❤❡❛t ✢✉①❡s ❛r❡ ♥♦t ✐♥❝❧✉❞❡❞ ❛s t❤❡② ✇❡r❡ ♥♦t ♠❡❛s✉r❡❞ ✐♥ t❤✐s st✉❞② ❛♥❞ ❡✛❡❝t
❞✐r❡❝t✐♦♥s ❛r❡ ✉♥❝❧❡❛r✳ P❡r♠❛❢r♦st t❤❛✇ ❝❛♥ ❢❡❡❞ ❜❛❝❦ t♦ s♦✐❧ ♠♦✐st✉r❡✱ ❜✉t t❤❡ ❞✐r❡❝✲
t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t ❞❡♣❡♥❞s ♦♥ ✐❝❡ ❝♦♥t❡♥t ❛♥❞ ❞r❛✐♥❛❣❡ ❝♦♥❞✐t✐♦♥s✳ ❙♦❧✐❞ ❛rr♦✇s r❡♣r❡✲
s❡♥t ♣♦s✐t✐✈❡✱ ❞❛s❤❡❞ ❛rr♦✇s ♥❡❣❛t✐✈❡✱ ❛♥❞ ❞♦tt❡❞ ❛rr♦✇s ✉♥❦♥♦✇♥ ❢❡❡❞❜❛❝❦❀ ❧✇✳ ❛♥❞
s✇✳ ❞❡♥♦t❡ ❧♦♥❣✇❛✈❡ ❛♥❞ s❤♦rt✇❛✈❡✱ r❡s♣❡❝t✐✈❡❧②✳
❣r♦✇✐♥❣ s❡❛s♦♥ ♥❡t r❛❞✐❛t✐♦♥ ✇❛s s✐♠✐❧❛r ✭❚❛❜❧❡ ✷✳✶✱ ❋✐❣✳ ✷✳✶✵✮✳ ❖♥ ♦♥❡ ❤❛♥❞✱
t❤❡ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣②✕s♦✐❧ s②st❡♠ ❛❜s♦r❜❡❞ ♠♦r❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✱ ♦♥ t❤❡
♦t❤❡r ❤❛♥❞ ✐t ❡♠✐tt❡❞ ♠♦r❡ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ❛s ❞❛✐❧② ♠❛①✐♠✉♠ s♦✐❧ t❡♠♣❡r❛t✉r❡s
✇❡r❡ ❤✐❣❤❡r✳ ❍♦✇❡✈❡r✱ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ ❘♦✉s❡ ✭✷✵✵✵✮ ✇❡ ❢♦✉♥❞ t❤❛t ❞✉r✐♥❣ t❤❡
s♥♦✇♠❡❧t ♣❡r✐♦❞ ♥❡t r❛❞✐❛t✐♦♥ str♦♥❣❧② ❞❡♣❡♥❞❡❞ ♦♥ t❤❡ s♥♦✇ ❝♦✈❡r✳ ❚❤❡ ❞✐✛❡r❡♥t
s♥♦✇ ♠❡❧t ❞❛t❡s ♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛✛❡❝t❡❞ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ❧❡♥❣t❤ ❧♦❝❛❧❧②
✇❤✐❝❤ ♠❛② ✐♥✢✉❡♥❝❡ t❤❡ t✉♥❞r❛ ❝❛r❜♦♥ ❝②❝❧❡✱ ✈✐❛ r❡s♣✐r❛t✐♦♥✱ ♣r✐♠❛r② ♣r♦❞✉❝t✐♦♥✱
❛♥❞ ♠❡t❤❛♥❡ ❡①❝❤❛♥❣❡✳
✷✳✹✳✷ ❙♦✐❧ s❤❛❞✐♥❣
❙♦✐❧ s❤❛❞✐♥❣ ❜② s❤r✉❜s ❤❛s ❜❡❡♥ s✉❣❣❡st❡❞ ❛s ♠❛❥♦r ❢❛❝t♦r ♠✐t✐❣❛t✐♥❣ ♣❡r♠❛❢r♦st
t❤❛✇ ❛t t❤❡ ❧♦❝❛❧ s❝❛❧❡ ✭❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❍♦✇❡✈❡r✱ ✉♥❧✐❦❡ ❢♦r ❢♦r❡sts ♦r ❝r♦♣s✱
s❤❛❞✐♥❣ ❜② t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ❤❛s r❛r❡❧② ❜❡❡♥ ♠❡❛s✉r❡❞✳ ■♥ t❤❡ s❤♦rt✇❛✈❡ r❛♥❣❡✱ ✇❡
❢♦✉♥❞ ❛♥ ❛✈❡r❛❣❡ ❣r♦✇✐♥❣ s❡❛s♦♥ tr❛♥s♠✐tt❛♥❝❡ ♦❢ ✵✳✸✻ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✵✳✷✽
❜❡❧♦✇ s❡❞❣❡s ✭❚❛❜❧❡ ✷✳✶✮✳ ■♥ t❤❡ P❆❘ r❛♥❣❡✱ ❞✇❛r❢ s❤r✉❜s tr❛♥s♠✐tt❡❞ ♦♥ ❛✈❡r❛❣❡
✷✺✪ ❛♥❞ s❡❞❣❡s ♦♥❧② ✸✪ ✭❋✐❣✳ ✷✳✼❝✮✳ ❚❤❡ ❞✇❛r❢ s❤r✉❜ P❆❘ tr❛♥s♠✐tt❛♥❝❡ ✇❛s ✐♥ t❤❡
✸✻
s❛♠❡ r❛♥❣❡ ❛s ✈❛❧✉❡s ❜② ❏✉s③❛❦ ❡t ❛❧✳ ✭✷✵✶✹✮ ♠❡❛s✉r❡❞ ❛t t❤❡ s❛♠❡ ✜❡❧❞ s✐t❡✳ ❲✐❧❧✐❛♠s
❡t ❛❧✳ ✭✷✵✶✹✮ ♠❡❛s✉r❡❞ P❆❘ tr❛♥s♠✐tt❛♥❝❡ ❜❡❧♦✇ t✉♥❞r❛ s❤r✉❜s ♦❢ 70✕100 cm ❤❡✐❣❤t✱
t✇♦ t♦ t❤r❡❡ t✐♠❡s t❛❧❧❡r t❤❛♥ t❤❡ ❞✇❛r❢ s❤r✉❜s ✐♥ ♦✉r st✉❞② ✭❋✐❣✳ ✷✳✸❛✮✳ ❚❤❡② ❢♦✉♥❞
❛ P❆❘ tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❛❜♦✉t ✵✳✷✱ ✇❤✐❝❤ ✐s t❤❡ ❧♦✇❡r ❜♦✉♥❞❛r② ♦❢ t❤❡ r❛♥❣❡ ♦❢
✈❛❧✉❡s ✇❡ ♦❜t❛✐♥❡❞✳ ❚❤❡ ❡①tr❡♠❡❧② ❧♦✇ ✈❛❧✉❡s ♦❢ P❆❘ tr❛♥s♠✐tt❛♥❝❡ ❜❡❧♦✇ s❡❞❣❡s
✇❡r❡ ♣❛rt❧② ❞✉❡ t♦ t❤❡ ❧♦✇❡r ♠❡❛s✉r❡♠❡♥t ❤❡✐❣❤t ♦❢ P❆❘ ❛s ❝♦♠♣❛r❡❞ t♦ s❤♦rt✇❛✈❡
tr❛♥s♠✐tt❛♥❝❡✳ ❚❤❡ s❤♦rt✇❛✈❡ tr❛♥s♠✐tt❛♥❝❡ s❡♥s♦r ♦❢ 34mm ❤❡✐❣❤t ✇❛s ♣❧❛❝❡❞
❛❜♦✈❡ t❤❡ ❡❛r❧② s✉♠♠❡r ♠❛①✐♠✉♠ ✇❛t❡r ❧❡✈❡❧✳ ❚❤❡ P❆❘ s❡♥s♦r ♦❢ 16mm ❤❡✐❣❤t
✇❛s ✐♥s❡rt❡❞ ❛s ❧♦✇ ❛s ♣♦ss✐❜❧❡ ❛❜♦✈❡ t❤❡ ❝✉rr❡♥t ✇❡t ❧✐tt❡r ♦r ✇❛t❡r s✉r❢❛❝❡✳ ❚❤❡
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❛r❡ ❛ ♠❛❥♦r ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ ✭❋✐❣✉r❡ ✸✳✶❝✮
❛♥❞ ❛❝❝♦✉♥t ❢♦r ♠♦st r❡✢❡❝t✐♦♥ ♦r ❛❜s♦r♣t✐♦♥ ✭❋✐❣✳ ✷✳✼❝✮✳
❚❤❡ r❡❢❡r❡♥❝❡ ❧❡✈❡❧ ❛t t❤❡ ❞✇❛r❢ s❤r✉❜ s✐t❡ ✐s ❛❜♦✈❡ t❤❡ s❤r✉❜ ❧✐tt❡r✱ ✇❤✐❝❤ ❢♦r♠s ❛
t❤✐♥✱ ❝♦♠♣❛❝t ❧❛②❡r ♦♥ t❤❡ ❣r♦✉♥❞ ✇✐t❤ ♠♦r❡ ❤❡❛✈✐❧② ❞❡❣r❛❞❡❞ ❧✐tt❡r ❛t t❤❡ ❜♦tt♦♠
❛♥❞ ♠♦r❡ ❧♦♦s❡✱ r❡❝❡♥t ❧✐tt❡r t♦✇❛r❞s t❤❡ t♦♣✳ ❯♥❧✐❦❡ t❤❡ s❤r✉❜ ❝❛♥♦♣②✱ t❤❡ s❡❞❣❡
❝❛♥♦♣② ✐♥❝❧✉❞❡s ❧♦ts ♦❢ st❛♥❞✐♥❣ ❞❡❛❞ ♠❛t❡r✐❛❧✳ ❲❡ ❞❡✜♥❡❞ t❤❡ r❡❢❡r❡♥❝❡ ❧❡✈❡❧ ❢♦r
❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉① ❜❡❧♦✇ t❤✐s ❧✐❣❤t✲❝♦❧♦✉r❡❞ ❧❛②❡r ❜✉t ❛❜♦✈❡
t❤❡ ✇❡t✱ ❞❛r❦✲❝♦❧♦✉r❡❞✱ ❛♥❞ ❝♦♠♣❛❝t ❧✐tt❡r✳ ❚❤✐s ❞✐st✐♥❝t✐♦♥ ❜❡t✇❡❡♥ st❛♥❞✐♥❣ ❞❡❛❞
❧❡❛✈❡s ❛♥❞ ✇❡t ❧✐tt❡r ✐s ✉s❡❢✉❧ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t str✉❝t✉r❡ ♦❢ ❜♦t❤ ❧❛②❡rs✳ ❙t❛♥❞✲
✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❢♦r♠ ❛ 10✕20 cm t❤✐❝❦ ❧❛②❡r ✇✐t❤ ❛r❝❤✐♥❣ ❞r② ❧❡❛✈❡s ❛♥❞ ❧❛r❣❡ ❛✐r
s♣❛❝❡s✳ ❇❡❧♦✇ t❤✐s ❧❛②❡r✱ ♠♦r❡ ❝♦♠♣❛❝t❡❞✱ ♦❧❞❡r✱ ❛♥❞ ✉s✉❛❧❧② ✇❛t❡r✲s❛t✉r❛t❡❞ ❧✐tt❡r
❢♦r♠s ❛ ❝♦♥t✐♥✉♦✉s s✉r❢❛❝❡✳ ■♥ ❝❛s❡ ♦❢ s❤r✉❜ ♦r s❡❞❣❡ ❧✐tt❡r ♦♥ t❤❡ ❣r♦✉♥❞✱ ❡♥❡r❣②
❝❛♥ ❜❡ tr❛♥s❢❡rr❡❞ ❢r♦♠ t❤❡ ❧✐tt❡r t♦ t❤❡ s♦✐❧ t❤r♦✉❣❤ ❤❡❛t ❝♦♥❞✉❝t✐♦♥✳ ❚❤❡r❡❢♦r❡✱
t❤❡ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❧✐tt❡r ❝❛♥ ❜❡ tr❡❛t❡❞ s✐♠✐❧❛r t♦ t❤❡ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s
♦❢ t❤❡ s♦✐❧✳ ❋♦r ✇❡t s❡❞❣❡s✱ t❤❡ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❞r②✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s
❛r❡ ❧❡ss ✐♠♣♦rt❛♥t ❛s t❤❡ ❧❡❛✈❡s ❛r❡ s✉rr♦✉♥❞❡❞ ❜② ❛✐r ❛♥❞ ❤❡❛t ❝♦♥❞✉❝t✐♦♥ ✇✐❧❧
❜❡ ❞♦♠✐♥❛t❡❞ ❜② t❤❡ ❛✐r✳ ❚❤✉s ❤❡❛t ❝♦♥❞✉❝t✐♦♥ t❤r♦✉❣❤ t❤❡ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s
♠❛② ❜❡ ❧✐♠✐t❡❞ ❛♥❞ ❡♥❡r❣② ❝♦♥✈❡❝t✐♦♥ ♦r r❛❞✐❛t✐♦♥ t❤r♦✉❣❤ t❤❡ st❛♥❞✐♥❣ ❞❡❛❞ ❧❛②❡r
♠❛② ❜❡ ♠♦r❡ ✐♠♣♦rt❛♥t✳ ❚❤❡r❡❢♦r❡ ✇❡ ❛r❣✉❡ t❤❛t ❢♦r ❡♥❡r❣② ❜✉❞❣❡t ❝♦♥s✐❞❡r❛t✐♦♥s
s❤r✉❜ ❧✐tt❡r ❛♥❞ ✇❡t ❧✐tt❡r ♦❢ s❡❞❣❡s ❝❛♥ ❜❡ tr❡❛t❡❞ ❛♥❛❧♦❣♦✉s❧② t♦ s♦✐❧✱ ✇❤✐❧❡ s❡❞❣❡
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s r❡s❡♠❜❧❡ ♠♦r❡ ❣r❡❡♥ ❧❡❛✈❡s ❛♥❞ ❤❛✈❡ t♦ ❜❡ tr❡❛t❡❞ ❛s ♣❛rt ♦❢
t❤❡ ❛❜♦✈❡✲❣r♦✉♥❞ ❝❛♥♦♣②✳
❈❧♦✉❞s ❞❡❝r❡❛s❡❞ s♦✐❧ s❤❛❞✐♥❣ ♦❢ ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱ ❡s♣❡❝✐❛❧❧② ❛t ❧❛r❣❡ s♦❧❛r
③❡♥✐t❤ ❛♥❣❧❡s ✭❋✐❣✳ ✷✳✼❛✱ ❜✮✳ ❚❤❡ ❲✐❧❧✐❛♠s ❡t ❛❧✳ ✭✷✵✶✹✮ st✉❞② ♦♥ ❆r❝t✐❝ s❤r✉❜s ❞✐❞
♥♦t ✜♥❞ ❛ ❞❡♣❡♥❞❡♥❝② ♦❢ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ♦♥ ❞✐✛✉s❡ ♦r ❞✐r❡❝t r❛❞✐❛t✐♦♥✳ ❍♦✇✲
❡✈❡r✱ ✇❡ ❢♦✉♥❞ t❤❛t t❤❡ ❡✛❡❝t ✇❛s str♦♥❣❡st ❢♦r ❧❛r❣❡ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s ❛♥❞❲✐❧❧✐❛♠s
❡t ❛❧✳ ✭✷✵✶✹✮ ♠❡❛s✉r❡❞ ❛t s♠❛❧❧❡r s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s✱ ❛r♦✉♥❞ ♥♦♦♥✱ ❛♥❞ ♠♦r❡ t❤❛♥
2➦ ❧♦✇❡r ❧❛t✐t✉❞❡✳ ❚❤❡ str♦♥❣ ❞❡♣❡♥❞❡♥❝② ♦❢ ❝❧❡❛r✲s❦② s❡❞❣❡ tr❛♥s♠✐tt❛♥❝❡ ♦♥ s✉♥
❛♥❣❧❡ ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ t❤❡ ✈❡rt✐❝❛❧ ♦r✐❡♥t❛t✐♦♥ ♦❢ t❤❡ ❧❡❛✈❡s✳ ■♥ ❣❡♥❡r❛❧✱ ❞✐r❡❝t
r❛❞✐❛t✐♦♥ tr❛♥s♠✐tt❛♥❝❡ ❞❡❝r❡❛s❡s ❢♦r ❧❛r❣❡ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s ❛s t❤❡ ♣❛t❤ t❤r♦✉❣❤
t❤❡ ✈❡❣❡t❛t✐♦♥ ❧❡♥❣t❤❡♥s✳ ❋♦r ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱ tr❛♥s♠✐tt❛♥❝❡ ✇❛s ♠♦r❡ ✈❛r✐✲
✸✼
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
❛❜❧❡ ✉♥❞❡r ❝❧❡❛r✲s❦② ❝♦♥❞✐t✐♦♥s✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s ❛♥ ❛❞❞✐t✐♦♥❛❧ ❞❡♣❡♥❞❡♥❝② ♦♥ t❤❡
s♦❧❛r ❛③✐♠✉t❤ ❛♥❣❧❡ ❢♦r s♣❡❝✐✜❝ ❧♦❝❛t✐♦♥s✳ ❚❤❡ ❤✐❣❤❡r tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❞✐✛✉s❡ ❧✐❣❤t
❛s ❝♦♠♣❛r❡❞ t♦ ❞✐r❡❝t ❧✐❣❤t ❛t ❧❛r❣❡ s♦❧❛r ③❡♥✐t❤ ❛♥❣❧❡s ❤❛s ❜❡❡♥ ♠❡❛s✉r❡❞ ✐♥ ❛ ♥✉♠✲
❜❡r ♦❢ st✉❞✐❡s ✭❡✳❣✳ ❊❝❦ ❛♥❞ ❉❡❡r✐♥❣ ✱ ✶✾✾✷❀ Pr♦♠✐s ❡t ❛❧✳✱ ✷✵✵✾❀ ❉❡♥❣❡❧ ❡t ❛❧✳✱ ✷✵✶✺✮✳
❍♦✇❡✈❡r✱ ❛❧t❤♦✉❣❤ t❤❡ ❝❛♥♦♣✐❡s s❤❛❞❡ ❧❡ss ❡✣❝✐❡♥t❧② ❛t ❝❧♦✉❞② ❝♦♥❞✐t✐♦♥s t❤❛♥ ❞✉r✲
✐♥❣ ❝❧❡❛r✲s❦② ❤♦✉rs✱ ❝❧♦✉❞s r❡❞✉❝❡ t❤❡ ❛❜s♦❧✉t❡ ❛♠♦✉♥t ♦❢ tr❛♥s♠✐tt❡❞ s❤♦rt✇❛✈❡
r❛❞✐❛t✐♦♥✳ ❚❤✉s ✐❢ t❤❡ ❝❧♦✉❞ ❝♦✈❡r ✐♥❝r❡❛s❡s✱ ❧❡ss s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✇❛r♠s t❤❡ s♦✐❧
❞✐r❡❝t❧②✳
✷✳✹✳✸ ❙♦✐❧ ❤❡❛t ✢✉① ❛♥❞ ♣❡r♠❛❢r♦st ❛❝t✐✈❡ ❧❛②❡r
■♥❝r❡❛s✐♥❣ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ❝❛♥ ❧❡❛❞ t♦ s✉❜st❛♥t✐❛❧ ❝❛r❜♦♥ ❡♠✐ss✐♦♥s ❢r♦♠ ♣❡r✲
♠❛❢r♦st s♦✐❧s ✭❙❝❤✉✉r ❡t ❛❧✳✱ ✷✵✵✾✮ ❛♥❞ t❤✉s ♣♦s✐t✐✈❡❧② ❢❡❡❞s ❜❛❝❦ t♦ ❝❧✐♠❛t❡ ✇❛r♠✐♥❣
✭❋✐❡❧❞ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❲❡ ❢♦✉♥❞ ❛ 17 cm s❤❛❧❧♦✇❡r ❛❝t✐✈❡ ❧❛②❡r ❛♥❞ 6.2Wm−2 ❧♦✇❡r
s♦✐❧ ❤❡❛t ✢✉① ❛t 10 cm ❞❡♣t❤ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ❛s ❝♦♠♣❛r❡❞ t♦ s❡❞❣❡s ✭❋✐❣✳ ✷✳✾❛✱
❚❛❜❧❡ ✷✳✶✮✱ ✇❤✐❝❤ ❛❣r❡❡s ✇❡❧❧ ✇✐t❤ ♦t❤❡r st✉❞✐❡s ✭❆♥✐s✐♠♦✈ ❡t ❛❧✳✱ ✷✵✵✷❀❲❛❧❦❡r ❡t ❛❧✳✱
✷✵✵✸❜❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❲❡ ❡✈❛❧✉❛t❡❞ ♣♦ss✐❜❧❡ ❞r✐✈❡rs ♦❢ t❤✐s ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥
✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❚❤❡ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣② r❡✢❡❝t❡❞ ❧❡ss s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❛♥❞
tr❛♥s♠✐tt❡❞ ♠♦r❡ t♦ t❤❡ ♠♦ss ♦r s♦✐❧ s✉r❢❛❝❡ ❜❡❧♦✇✳ ❚❤✉s✱ ✐❢ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t ✇❛s t❤❡ ♠❛❥♦r ❞r✐✈❡r✱ ❛ ❤✐❣❤❡r s♦✐❧ ❤❡❛t ✢✉① ❝♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ❜❡❧♦✇ t❤❡
❞✇❛r❢ s❤r✉❜s✳ ❚❤❡ ♦✉t❣♦✐♥❣ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ✇❛s s❧✐❣❤t❧② ❤✐❣❤❡r ❛t t❤❡ ❞✇❛r❢
s❤r✉❜ ♣❛t❝❤✳ ❚❤✉s t❤❡ ❛❜♦✈❡✲❝❛♥♦♣② ♥❡t✲r❛❞✐❛t✐♦♥ ✇❛s ❛❧♠♦st ❡q✉❛❧ ❛t ❜♦t❤ ✈❡❣❡✲
t❛t✐♦♥ t②♣❡s ✭❚❛❜❧❡ ✷✳✶✮✱ ❛♥❞ ❤❡♥❝❡ ❞✐✛❡r❡♥❝❡s ✐♥ r❡s✉❧t✐♥❣ ❡♥❡r❣② ✢✉①❡s ✭s❡♥s✐❜❧❡✱
❧❛t❡♥t✱ ❛♥❞ ❣r♦✉♥❞ ❤❡❛t ✢✉①✮ ✇❡r❡ ♣✉r❡❧② ✐♥t❡r♥❛❧❧② ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ✈❡❣❡t❛t✐♦♥
str✉❝t✉r❡ ❛♥❞ ❛❝t✐✈✐t② ♦r s♦✐❧ ♣r♦♣❡rt✐❡s✳
❙❡✈❡r❛❧ ❆r❝t✐❝ st✉❞✐❡s ❢♦✉♥❞ s✐♠✐❧❛r ♦r ❧❡ss ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ✐♥ ❧♦✇ s❤r✉❜ t✉♥✲
❞r❛ ❛s ❝♦♠♣❛r❡❞ t♦ ✇❡t❧❛♥❞ t✉♥❞r❛ ✭❊✉❣st❡r ❡t ❛❧✳✱ ✷✵✵✵❀ ❘♦✉s❡✱ ✷✵✵✵❀ ❊❛t♦♥ ❡t ❛❧✳✱
✷✵✵✶❀ ▼❝❋❛❞❞❡♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❆t ♦✉r ✜❡❧❞ s✐t❡✱ ❞✇❛r❢ s❤r✉❜ ▲❆■ ✇❛s s♠❛❧❧❡r t❤❛♥
s❡❞❣❡ ▲❆■ ✭❋✐❣✳ ✷✳✸❜✮ ❛♥❞ t❤❡ s❤r✉❜ s♦✐❧ ✇❛s ♠✉❝❤ ❞r✐❡r✳ ❚❤✉s✱ ✇❡ ❞♦ ♥♦t ❡①✲
♣❡❝t ♠♦r❡ ❡♥❡r❣② ❧♦ss ❞✉❡ t♦ ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ♦❢ t❤❡ ❞✇❛r❢ s❤r✉❜s✳ ❚❤❡ ❤✐❣❤❡r
❣r♦✉♥❞ ❤❡❛t ✢✉① ❛t t❤❡ ✇❡t s❡❞❣❡s ♠❛② ❤❛✈❡ ❧❡❛❞ t♦ r❡❞✉❝❡❞ s❡♥s✐❜❧❡ ❤❡❛t ✢✉①
✭▼❝❋❛❞❞❡♥ ❡t ❛❧✳✱ ✶✾✾✽✮✳ ❆❧t❤♦✉❣❤ t❤❡ ❛✈❡r❛❣❡ t♦♣✲s♦✐❧ t❡♠♣❡r❛t✉r❡s ✇❡r❡ ✈❡r②
s✐♠✐❧❛r ❜❡❧♦✇ ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭❚❛❜❧❡ ✷✳✶✮✱ t❤❡ ❤❡❛t ✢✉① t♦✇❛r❞s t❤❡ s❡❞❣❡
s♦✐❧ ✇❛s ❧❛r❣❡r✳ ❚❤❡ s❛♠❡ ❣r❛❞✐❡♥t ❜❡t✇❡❡♥ ❝♦❧❞ s♦✐❧ ❛♥❞ ✇❛r♠ ❛✐r t❡♠♣❡r❛t✉r❡
♠❛② ❧❡❛❞ t♦ ❤✐❣❤❡r ✢✉① ❜❡❧♦✇ s❡❞❣❡s ❛s t❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ♦❢ t❤❡ ✇❛t❡r✲
❧♦❣❣❡❞ s❡❞❣❡s s♦✐❧ ✇❛s ❛❜♦✉t ✜✈❡ t✐♠❡s ❤✐❣❤❡r t❤❛♥ ♦❢ t❤❡ ♣❡❛t② ❞✇❛r❢ s❤r✉❜ t♦♣ s♦✐❧
✭0.44Wm−1 K−1 ❛♥❞ 0.08Wm−1 K−1✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❚❤❡ ❤❡❛t ❝❛♣❛❝✐t② ❜❡❧♦✇ ✇❡t
s❡❞❣❡s ✭3.3MJm−3 K−1✮ ✇❛s ♠♦r❡ t❤❛♥ s✐① t✐♠❡s t❤❡ ✈❛❧✉❡ ♠❡❛s✉r❡❞ ❜❡❧♦✇ ❞✇❛r❢
s❤r✉❜s ✭0.5MJm−3 K−1✮✳ ❚❤✐s str♦♥❣❡r ❡♥❡r❣② s✐♥❦ ♠❛② ❤❛✈❡ ❢✉rt❤❡r ❡♥❤❛♥❝❡❞ t❤❡
s♦✐❧ ❤❡❛t ✢✉① ❜❡❧♦✇ s❡❞❣❡s✳ ❲✐❧❧✐❛♠s ❛♥❞ ◗✉✐♥t♦♥ ✭✷✵✶✸✮ ❛❧s♦ ❢♦✉♥❞ t❤❛t ❛❧t❡r❡❞
✸✽
♠♦✐st✉r❡ ❝♦♥❞✐t✐♦♥s ✇❡r❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r ♣❡r♠❛❢r♦st t❤❛✇ t❤❛♥ t❤❡ s❤♦rt✇❛✈❡
r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛❧♦♥❣ ❧✐♥❡❛r ❞✐st✉r❜❛♥❝❡s ✐♥ ❛ ❜♦r❡❛❧ ❢♦r❡st✳ ❆♥♦t❤❡r ❞✐✛❡r❡♥❝❡ ❜❡✲
t✇❡❡♥ t❤❡ t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✐s t❤❡ s♦✐❧ ❛❧❜❡❞♦✳ ❚❤❡ ✇❡t ❧✐tt❡r s✉r❢❛❝❡ ❜❡❧♦✇ s❡❞❣❡s
❤❛❞ ❛ ❧♦✇ ❛❧❜❡❞♦✱ ♣♦ss✐❜❧② ❧❡ss t❤❛♥ t❤❡ ❧✐tt❡r ❛♥❞ ♠♦ss s✉r❢❛❝❡ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✳
▼♦❞❡❧ r❡s✉❧ts ❜② ❏✉s③❛❦ ❡t ❛❧✳ ✭✷✵✶✹✮ ✐♥❞✐❝❛t❡ ❛ s✉r❢❛❝❡ ❛❧❜❡❞♦ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s
♦❢ ✵✳✶✼ ❛t ♦✉r s✐t❡✳ ●✐✈❡♥ t❤❡ ❛✈❡r❛❣❡ ❣r♦✇✐♥❣ s❡❛s♦♥ tr❛♥s♠✐tt❛♥❝❡ ♦❢ 64Wm−2✱
t❤❡ ❞✇❛r❢ s❤r✉❜ s♦✐❧ ♠❛② ❛❜s♦r❜ ❛r♦✉♥❞ 53Wm−2✳ ❲✐t❤ ❛ ❧♦✇ s♦✐❧ ❛❧❜❡❞♦✱ t❤❡
s❡❞❣❡ s♦✐❧ ♠❛② ❤❛✈❡ ❛❜s♦r❜❡❞ ❛ ❣r❡❛t❡r ❢r❛❝t✐♦♥ ♦❢ t❤❡ tr❛♥s♠✐tt❡❞ s❤♦rt✇❛✈❡ r❛❞✐✲
❛t✐♦♥ ✭49Wm−2 ♦♥ ❛✈❡r❛❣❡✮ t❤❛♥ t❤❡ ❞✇❛r❢ s❤r✉❜ s♦✐❧✱ ❛♥ ❡✛❡❝t t❤❛t ♠❛② ♣❛rt❧②
❝♦♠♣❡♥s❛t❡ t❤❡ ♠♦r❡ ❡✣❝✐❡♥t s❤❛❞✐♥❣✳
■♥ s✉♠♠❛r②✱ ❞✐✛❡r❡♥❝❡s ✐♥ ♥❡t r❛❞✐❛t✐♦♥ ❛r❡ s♠❛❧❧❡r t❤❛♥ ❡①♣❡❝t❡❞✱ ❛♥❞ ❝❧❡❛r❧②
❛❞❞✐t✐♦♥❛❧ ❞r✐✈✐♥❣ ❢♦r❝❡s ❜❡s✐❞❡s ❝❛♥♦♣②✕r❛❞✐❛t✐♦♥ ✐♥t❡r❛❝t✐♦♥s ♠✉st ❜❡ ❝♦♥s✐❞❡r❡❞
❢♦r ❡①♣❧❛✐♥✐♥❣ s♦✐❧ ❤❡❛t ✢✉① ❛♥❞ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ✐♥ ❢✉t✉r❡ st✉❞✐❡s✱ ♥❛♠❡❧② s♦✐❧
❛❧❜❡❞♦ ❛♥❞ s♦✐❧ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✭❋✐❣✳ ✷✳✶✵✮✳
✷✳✺ ❈♦♥❝❧✉s✐♦♥s
❖✉r ✜❡❧❞ ❞❛t❛ s❤♦✇ t❤❛t ♣❡r♠❛❢r♦st t❤❛✇ ✇❛s ❧♦✇❡r ❜❡❧♦✇ t✉♥❞r❛ ❞✇❛r❢ s❤r✉❜s ❛s
❝♦♠♣❛r❡❞ t♦ s❡❞❣❡s✱ ❜✉t ♥♦t ❛s ❛ r❡s✉❧t ♦❢ ✐♥❝r❡❛s❡❞ s♦✐❧ s❤❛❞✐♥❣✳ ◆❡✐t❤❡r t❤❡ ❛❜♦✈❡✲
❝❛♥♦♣② r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♥♦r s♦✐❧ s❤❛❞✐♥❣ ❡①♣❧❛✐♥❡❞ t❤❡ s♣❛t✐❛❧ ❞✐✛❡r❡♥❝❡s ✐♥ ❛❝t✐✈❡
❧❛②❡r t❤✐❝❦♥❡ss✳ ❉❡s♣✐t❡ ❧♦✇❡r s❤♦rt✇❛✈❡ r❡✢❡❝t❛♥❝❡ ❛♥❞ ❤✐❣❤❡r tr❛♥s♠✐tt❛♥❝❡ ❜② t❤❡
❞✇❛r❢ s❤r✉❜s✱ t❤❡ s♦✐❧ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s s❤♦✇❡❞ ❛ s♠❛❧❧❡r ❤❡❛t ✢✉① ❛♥❞ ❛ s❤❛❧❧♦✇❡r
❛❝t✐✈❡ ❧❛②❡r t❤❛♥ ❜❡❧♦✇ s❡❞❣❡s✳ ❲❡ ❢♦✉♥❞ t❤❛t t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ s♥♦✇ ♠❡❧t t✐♠✐♥❣
✇❡r❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t t❤❛♥ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦
❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❈❧♦✉❞ ❝♦✈❡r r❡❞✉❝❡❞ ❛❧❜❡❞♦ ❛♥❞ s♦✐❧
s❤❛❞✐♥❣ ♦❢ ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❜✉t ♠♦r❡ str♦♥❣❧② s♦ ❢♦r s❡❞❣❡s✳ ❙t❛♥❞✐♥❣ ❞❡❛❞
❧❡❛✈❡s ❛❝❝♦✉♥t❡❞ ❢♦r ♠♦st ♦❢ t❤❡ s♦✐❧ s❤❛❞✐♥❣ ♦❢ t❤❡ s❡❞❣❡ ❝❛♥♦♣②✳ ❙♦✐❧ ♣r♦♣❡rt✐❡s✱
s✉❝❤ ❛s s♦✐❧ ❛❧❜❡❞♦ ❛♥❞ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t②✱ ❛♣♣❡❛r t♦ ❜❡ ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥
t❤❡ ❞✐r❡❝t ❡✛❡❝t ♦❢ t❤❡ ❛❜♦✈❡✲❣r♦✉♥❞ ✈❡❣❡t❛t✐♦♥ ❧❛②❡r✳ ❖✉r r❡s✉❧ts ❤✐❣❤❧✐❣❤t t❤❡
❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❛t♠♦s♣❤❡r❡✕✈❡❣❡t❛t✐♦♥✕♣❡r♠❛❢r♦st ✐♥t❡r❛❝t✐♦♥✳ ❋✉t✉r❡ st✉❞✐❡s
✇✐❧❧ ♥❡❡❞ t♦ ✐♥❝♦r♣♦r❛t❡ ♣❧❛♥t tr❛✐ts✱ s✉❝❤ ❛s ❣r❡❡♥✱ ✇♦♦❞②✱ ❛♥❞ ❞❡❛❞ ❜✐♦♠❛ss✱ s♦✐❧
♣r♦♣❡rt✐❡s✱ ❛s ✇❡❧❧ ❛s s♣❛t✐❛❧ ♣❛tt❡r♥s ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❚❤❡s❡ ✈❛r✐❛❜❧❡s ♠❛② ❜❡
❦❡② ❝♦♥tr♦❧s ♦❢ t❤❡ ♣♦t❡♥t✐❛❧ ❢❡❡❞❜❛❝❦s ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥ ❝❤❛♥❣❡s ❛♥❞ ♣❡r♠❛❢r♦st
t❤❛✇ ❛♥❞ ❞❡s❡r✈❡ ♠♦r❡ ❛tt❡♥t✐♦♥ t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❝♦♠♣❧❡① ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥
t✉♥❞r❛ ❡❝♦s②st❡♠s ❛♥❞ ❝❧✐♠❛t❡✳
✷✳✻ ❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts
❲❡ t❤❛♥❦ ❚✳ ▼❛①✐♠♦✈ ❛♥❞ ❤✐s ❣r♦✉♣ ❛t t❤❡ ❙✐❜❡r✐❛♥ ❇r❛♥❝❤ ♦❢ t❤❡ ❘✉ss✐❛♥ ❆❝❛❞❡♠②
♦❢ ❙❝✐❡♥❝❡ ❢♦r s✉♣♣♦rt✐♥❣ ♦✉r ✜❡❧❞ ✇♦r❦✳ ❲❡ t❤❛♥❦ ❏♦s❡♣❤ P✳ ▼❝❋❛❞❞❡♥✱ ❯❈ ❙❛♥t❛
✸✾
✷ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t s❡❞❣❡ t✉♥❞r❛
❇❛r❜❛r❛✱ ❛♥❞ ▲✉❝❛ ❇❡❧❡❧❧✐ ▼❛r❝❤❡s✐♥✐✱ ❱❯ ❆♠st❡r❞❛♠✱ ❢♦r ❢r✉✐t❢✉❧ ❞✐s❝✉ss✐♦♥s ♦♥
❡❛r❧✐❡r ✈❡rs✐♦♥s ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t✳ ❚❤✐s ✇♦r❦ ✇❛s s✉♣♣♦rt❡❞ ❜② t❤❡ ❙✇✐ss ◆❛✲
t✐♦♥❛❧ ❙❝✐❡♥❝❡ ❋♦✉♥❞❛t✐♦♥ t❤r♦✉❣❤ ♣r♦❥❡❝t ❣r❛♥t ✶✹✵✻✸✶ ❛♥❞ ❜② t❤❡ ◆❡t❤❡r❧❛♥❞s
❖r❣❛♥✐s❛t✐♦♥ ❢♦r ❙❝✐❡♥t✐✜❝ ❘❡s❡❛r❝❤ ✭◆❲❖ ❱✐❞✐✲❣r❛♥t ✽✻✹✳✵✾✳✵✶✹✮✳ ❲❡ ✇❡r❡ ❢✉r✲
t❤❡r s✉♣♣♦rt❡❞ ❜② t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤ t❤r♦✉❣❤ t❤❡ ❯♥✐✈❡rs✐t② r❡s❡❛r❝❤ ♣r✐♦r✐t②
♣r♦❣r❛♠♠❡ ♦♥ ●❧♦❜❛❧ ❈❤❛♥❣❡ ❛♥❞ ❇✐♦❞✐✈❡rs✐t② ✭❯❘PP ●❈❇✮✳
✹✵
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦
❛♥❞ s♦✐❧ s❤❛❞✐♥❣
■♥❣❡ ❏✉s③❛❦✶✱ ❆♥❣❡❧❛ ▼✳ ❊r❜✶✱✷✱ ❚r♦✜♠ ❈✳ ▼❛①✐♠♦✈✸✱ ❛♥❞ ●❛❜r✐❡❧❛ ❙❝❤❛❡♣♠❛♥✲
❙tr✉❜✶
❆❜str❛❝t
❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ♦♥ ❛❧❜❡❞♦✱ ❧❛t❡♥t ❛♥❞ s❡♥s✐❜❧❡ ❤❡❛t ✢✉①❡s✱ ❛♥❞ ❛❝✲
t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ✐s ❛ ❝r✉❝✐❛❧ ❧✐♥❦ ❜❡t✇❡❡♥ ❜♦✉♥❞❛r② ❧❛②❡r ❝❧✐♠❛t❡ ❛♥❞ ♣❡r♠❛❢r♦st
✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❝❧✐♠❛t❡ ❝❤❛♥❣❡✳ ❙❤r✉❜s ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ t♦ ❧♦✇❡r t❤❡ ❛❧❜❡❞♦ ❛s
❝♦♠♣❛r❡❞ t♦ ❧✐❝❤❡♥ ♦r ❣r❛♠✐♥♦✐❞✲t✉♥❞r❛✳ ❉❡s♣✐t❡ ✐ts ✐♠♣♦rt❛♥❝❡✱ t❤❡ q✉❛♥t✐✜❝❛t✐♦♥
♦❢ t❤❡ ❡✛❡❝t ♦❢ s❤r✉❜✐✜❝❛t✐♦♥ ♦♥ s✉♠♠❡r ❛❧❜❡❞♦ ❤❛s ♥♦t ❜❡❡♥ ❛❞❞r❡ss❡❞ ✐♥ ♠✉❝❤
❞❡t❛✐❧✳ ❲❡ ♠❛♥✐♣✉❧❛t❡❞ s❤r✉❜ ❞❡♥s✐t② ❛♥❞ ❤❡✐❣❤t ✐♥ ❛♥ ❆r❝t✐❝ ❞✇❛r❢ ❜✐r❝❤ ✭❇❡✲
t✉❧❛ ♥❛♥❛✮ s❤r✉❜ ❝❛♥♦♣② t♦ t❡st t❤❡ ❡✛❡❝t ♦♥ s❤♦rt✇❛✈❡ r❛❞✐❛t✐✈❡ ✢✉①❡s ❛♥❞ ♦♥ t❤❡
♥♦r♠❛❧✐③❡❞ ❞✐✛❡r❡♥❝❡ ✈❡❣❡t❛t✐♦♥ ✐♥❞❡① ✭◆❉❱■✮✱ ❛ ♣r♦①② ❢♦r ✈❡❣❡t❛t✐♦♥ ♣r♦❞✉❝t✐✈✐t②
✉s❡❞ ✐♥ s❛t❡❧❧✐t❡✲❜❛s❡❞ st✉❞✐❡s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ ♣❛r❛♠❡tr✐s❡❞ ❛♥❞ ✈❛❧✐❞❛t❡❞ t❤❡ ✸❉
r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❉❆❘❚ t♦ s✐♠✉❧❛t❡ t❤❡ ❛♠♦✉♥t ♦❢ s♦❧❛r r❛❞✐❛t✐♦♥ r❡✢❡❝t❡❞
❛♥❞ tr❛♥s♠✐tt❡❞ ❜② ❛♥ ❆r❝t✐❝ s❤r✉❜ ❝❛♥♦♣②✳ ❲❡ ❝♦♠♣❛r❡❞ r❡s✉❧ts ♦❢ ♠♦❞❡❧ r✉♥s
♦❢ ❞✐✛❡r❡♥t ❝♦♠♣❧❡①✐t✐❡s t♦ ♠❡❛s✉r❡❞ ❞❛t❛ ❢r♦♠ ◆♦rt❤✲❊❛st ❙✐❜❡r✐❛✳ ❲❡ ❛❝❤✐❡✈❡❞
❝♦♠♣❛r❛❜❧② ❣♦♦❞ r❡s✉❧ts ✇✐t❤ s✐♠♣❧❡ t✉r❜✐❞ ♠❡❞✐✉♠ ❛♣♣r♦❛❝❤❡s✱ ✐♥❝❧✉❞✐♥❣ ❜♦t❤
❧❡❛❢ ❛♥❞ ❜r❛♥❝❤ ♦♣t✐❝❛❧ ♣r♦♣❡rt② ♠❡❞✐❛✱ ❛♥❞ ❞❡t❛✐❧❡❞ ♦❜❥❡❝t ❜❛s❡❞ ♠♦❞❡❧ ♣❛r❛♠❡✲
t❡r✐s❛t✐♦♥s✳ ■t ✇❛s ✐♠♣♦rt❛♥t t♦ ❡①♣❧✐❝✐t❧② ♣❛r❛♠❡t❡r✐s❡ ❜r❛♥❝❤❡s ❛s t❤❡② ❛❝❝♦✉♥t❡❞
❢♦r ✉♣ t♦ ✼✶✪ ♦❢ t❤❡ t♦t❛❧ ❝❛♥♦♣② ❛❜s♦r♣t✐♦♥ ❛♥❞ t❤✉s ❝♦♥tr✐❜✉t❡❞ s✐❣♥✐✜❝❛♥t❧② t♦
s♦✐❧ s❤❛❞✐♥❣✳ ■♥❝r❡❛s✐♥❣ ❧❡❛❢ ❜✐♦♠❛ss r❡s✉❧t❡❞ ✐♥ ❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ♦❢ t❤❡ ◆❉❱■✱
❞❡❝r❡❛s❡ ♦❢ tr❛♥s♠✐tt❡❞ ♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡ r❛❞✐❛t✐♦♥✱ ❛♥❞ r❡♣❛rt✐t✐♦♥✐♥❣ ♦❢
t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜② t❤❡ ❝❛♥♦♣② ❝♦♠♣♦♥❡♥ts✳ ❍♦✇❡✈❡r✱ ❡①♣❡r✲
✐♠❡♥t❛❧ ❛♥❞ ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts s❤♦✇ t❤❛t ❝❛♥♦♣② ❜r♦❛❞❜❛♥❞ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ❛♥❞
❛❧❜❡❞♦ ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❞❡❝r❡❛s✐♥❣ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ s❤r✉❜ ❜✐♦♠❛ss✳ ❲❡ ❝♦♥❝❧✉❞❡
t❤❛t t❤❡ ❧❡❛❢ t♦ ❜r❛♥❝❤ r❛t✐♦✱ ❝❛♥♦♣② ❜❛❝❦❣r♦✉♥❞✱ ❛♥❞ ✈❡❣❡t❛t✐♦♥ t②♣❡ r❡♣❧❛❝❡❞ ❜②
✶■♥st✐t✉t❡ ♦❢ ❊✈♦❧✉t✐♦♥❛r② ❇✐♦❧♦❣② ❛♥❞ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙t✉❞✐❡s✱ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤✱ ❲✐♥t❡rt❤✉r✲
❡rstr❛ss❡ ✶✾✵✱ ✽✵✺✼ ❩✉r✐❝❤✱ ❙✇✐t③❡r❧❛♥❞
✷♥♦✇ ❛t✿ ❙❝❤♦♦❧ ❢♦r t❤❡ ❊♥✈✐r♦♥♠❡♥t✱ ❯♥✐✈❡rs✐t② ♦❢ ▼❛ss❛❝❤✉s❡tts ❇♦st♦♥✱ ✶✵✵ ▼♦rr✐s❡② ❇♦✉❧❡✈❛r❞✱
❇♦st♦♥✱ ▼❆ ✵✷✶✷✺✲✸✸✾✸✱ ❯❙❆
✸❇✐♦❧♦❣✐❝❛❧ Pr♦❜❧❡♠s ♦❢ t❤❡ ❈r②♦❧✐t❤♦③♦♥❡✱ ❘✉ss✐❛♥ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡s✱ ❙✐❜❡r✐❛♥ ❉✐✈✐s✐♦♥✱ ✹✶
▲❡♥✐♥ Pr♦s♣❡❦t✱ ❨❛❦✉ts❦✱ ❨❛❦✉t✐❛ ✻✼✼✾✽✵✱ ❘✉ss✐❛♥ ❋❡❞❡r❛t✐♦♥
✹✶
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
s❤r✉❜s ♥❡❡❞ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❤❡♥ ♣r❡❞✐❝t✐♥❣ ❢❡❡❞❜❛❝❦s ♦❢ s❤r✉❜✐✜❝❛t✐♦♥ t♦ s✉♠♠❡r
❛❧❜❡❞♦✱ ♣❡r♠❛❢r♦st t❤❛✇✱ ❛♥❞ ❝❧✐♠❛t❡ ✇❛r♠✐♥❣✳
❘❡♣r✐♥t❡❞ ❛s ✐♥ ❘❡♠♦t❡ ❙❡♥s✐♥❣ ♦❢ ❊♥✈✐r♦♥♠❡♥t ✇✐t❤ r❡❢❡r❡♥❝❡s ♠❡r❣❡❞ ❛t t❤❡
❡♥❞ ♦❢ t❤✐s t❤❡s✐s✿
■✳ ❏✉s③❛❦✱ ❆✳ ▼✳ ❊r❜✱ ❚✳ ❈✳ ▼❛①✐♠♦✈ ❛♥❞ ●✳ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜✱ ✷✵✶✹✱ ❆r❝t✐❝ s❤r✉❜
❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣✱ ❘❡♠♦t❡ ❙❡♥s✐♥❣ ♦❢ ❊♥✈✐r♦♥♠❡♥t✱
✶✺✸✱ ✼✾✕✽✾✱ ❞♦✐✿ ✶✵✳✶✵✶✻✴❥✳rs❡✳✷✵✶✹✳✵✼✳✵✷✶
■✳❏✳ ♣❡r❢♦r♠❡❞ t❤❡ ❞❛t❛ ❛♥❛❧②s✐s ❛♥❞ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ ❛♥❞ ✇r♦t❡
t❤❡ ♠❛♥✉s❝r✐♣t✳ ❆✳▼✳❊✳ ❝♦♥❝❡✐✈❡❞ t❤❡ st✉❞②✱ ❝❛rr✐❡❞ ♦✉t t❤❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✱
❝♦♥tr✐❜✉t❡❞ t♦ t❤❡ ❞❛t❛ ❛♥❛❧②s✐s ❛♥❞ t♦ t❤❡ ♠❛♥✉s❝r✐♣t ♣r❡♣❛r❛t✐♦♥✳ ●✳❙✳✲❙✳ ❝♦♥✲
❝❡✐✈❡❞ t❤❡ st✉❞②✱ ❝❛rr✐❡❞ ♦✉t t❤❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✱ ❛♥❞ ♣r♦✈✐❞❡❞ ✐♥♣✉t ❢♦r t❤❡
❞❛t❛ ❛♥❛❧②s✐s ❛♥❞ t❤❡ ♠❛♥✉s❝r✐♣t✳
✹✷
✸✳✶ ■♥tr♦❞✉❝t✐♦♥
❆r❝t✐❝ ❡❝♦s②st❡♠s ❤❛✈❡ ❜❡❡♥ ❡①♣♦s❡❞ t♦ ❛✐r t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡s ♦❢ ❛❧♠♦st ❞♦✉✲
❜❧❡ t❤❡ ❣❧♦❜❛❧ ♠❡❛♥ ✐♥ t❤❡ ✷✵t❤ ❝❡♥t✉r② ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✵❛❀ ❙❡rr❡③❡ ❡t ❛❧✳✱ ✷✵✵✵❀
❙♦❧♦♠♦♥ ❡t ❛❧✳✱ ✷✵✵✼❀ ❈♦✇t❛♥ ❛♥❞ ❲❛② ✱ ✷✵✶✹✮✳ ❋✉rt❤❡r ✐♥❝r❡❛s❡s ✐♥ ❛✐r t❡♠♣❡r❛✲
t✉r❡ ❛♥❞ ♣r❡❝✐♣✐t❛t✐♦♥✱ ❛s ♣r♦❥❡❝t❡❞ ❢♦r t❤❡ ♥♦rt❤✲❡❛st❡r♥ ❙✐❜❡r✐❛♥ t✉♥❞r❛ ✭❙♦❧♦♠♦♥
❡t ❛❧✳✱ ✷✵✵✼✮✱ ♠❛② ❝❛✉s❡ ❢✉rt❤❡r s❤✐❢ts ✐♥ t❤❡ ✈❡❣❡t❛t✐♦♥ ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ❆r❝t✐❝
✭P❡❛rs♦♥ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❈✉rr❡♥t❧② ♦❜s❡r✈❡❞ ❝❤❛♥❣❡s ✐♥❝❧✉❞❡ ♥♦rt❤✇❛r❞ ♠♦✈❡♠❡♥t
♦❢ tr❡❡s ❛♥❞ s❤r✉❜s✱ ✇❤✐❝❤ ✐♥❝r❡❛s✐♥❣❧② ❞♦♠✐♥❛t❡ ❧❛r❣❡ ❛r❡❛s ♦❢ t✉♥❞r❛ ✭❡✳❣✳ ❙t✉r♠
❡t ❛❧✳✱ ✷✵✵✶❜❀ ❚❛♣❡ ❡t ❛❧✳✱ ✷✵✵✻❀ ▼②❡rs✲❙♠✐t❤ ❡t ❛❧✳✱ ✷✵✶✶❀ ▼✐❧❧❡r ❛♥❞ ❙♠✐t❤✱ ✷✵✶✷✮✳
Pr♦❞✉❝t✐✈✐t② ❡st✐♠❛t❡s ❜❛s❡❞ ♦♥ r❡♠♦t❡ s❡♥s✐♥❣✱ ❞❡♥❞r♦❡❝♦❧♦❣✐❝❛❧✱ ❛♥❞ ♣❧♦t ❞❛t❛
s❤♦✇ ❛♥ ✐♥❝r❡❛s✐♥❣ tr❡♥❞ ✇✐t❤ t❡♠♣❡r❛t✉r❡✱ ✇❤✐❧❡ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤✐s ❡✛❡❝t ✐s
♠❡❞✐❛t❡❞ ❜② s♦✐❧ ♠♦✐st✉r❡✱ ✇✐t❤ ♣r♦❞✉❝t✐✈✐t② ✐♥ ✇❡t ❛r❡❛s r❡s♣♦♥❞✐♥❣ str♦♥❣❡r t♦
t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡ t❤❛♥ ✐♥ ❞r② ❛r❡❛s ✭❋♦r❜❡s ❡t ❛❧✳✱ ✷✵✶✵❀ ❍✉❡♠♠r✐❝❤ ❡t ❛❧✳✱ ✷✵✶✵❀
❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❜❀ ❊❧♠❡♥❞♦r❢ ❡t ❛❧✳✱ ✷✵✶✷❜❀ ❇❡r♥❡r ❡t ❛❧✳✱ ✷✵✶✸❀ ❑✐♠ ❡t ❛❧✳✱ ✷✵✶✹✮✳
❙❤r✉❜ ❝♦✈❡r ❛♥❞ ❞✐str✐❜✉t✐♦♥ ✐s ♥♦t ♦♥❧② ❛✛❡❝t❡❞ ❜② ❝❧✐♠❛t❡✱ ✐t ❛❧s♦ ❝♦♥tr♦❧s ✐♠✲
♣♦rt❛♥t ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ s✉r❢❛❝❡ ❡♥❡r❣② ❜❛❧❛♥❝❡✳ ▼❛✐♥ ♦❜s❡r✈❡❞ ❛♥❞ ❡①♣❡❝t❡❞
❢❡❡❞❜❛❝❦s ♦❢ ✐♥❝r❡❛s✐♥❣ s❤r✉❜ ❝♦✈❡r ✐♥❝❧✉❞❡ ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❛❧❜❡❞♦✱ ❛♥ ✐♥❝r❡❛s❡
✐♥ ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✱ ❛♥❞ ❛ ❧♦❝❛❧ ❞❡❝r❡❛s❡ ✐♥ t❤❡ ♣❡r♠❛❢r♦st ❛❝t✐✈❡ ❧❛②❡r ❞✉❡ t♦
s♦✐❧ s❤❛❞✐♥❣ ✭P❡❛rs♦♥ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❙❤r✉❜ ❝♦✈❡r r❡❞✉❝❡s t❤❡ s✉r❢❛❝❡ ❛❧❜❡❞♦ ❞✉r✐♥❣
t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺❀ ❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✺❀ ❇♦♥✜❧s ❡t ❛❧✳✱ ✷✵✶✷✮✱
❜✉t t❤❡ ❡✛❡❝t ✐s ♠♦st ♣r♦♥♦✉♥❝❡❞ ❞✉r✐♥❣ ❝r✐t✐❝❛❧ s♥♦✇ ❛❝❝✉♠✉❧❛t✐♦♥ ❛♥❞ s♥♦✇♠❡❧t
♣❡r✐♦❞s ✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✺❀ ▲♦r❛♥t② ❡t ❛❧✳✱ ✷✵✶✶✮✳ ❚❤❡ ❛❞❞✐t✐♦♥❛❧ s❤♦rt✇❛✈❡ r❛❞✐❛✲
t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡ ❝❛♥♦♣② ✐s ♣❛rt❧② ♣❛rt✐t✐♦♥❡❞ ✐♥t♦ ❧❛t❡♥t ❛♥❞ s❡♥s✐❜❧❡ ❤❡❛t ✢✉①❡s
✇❤✐❝❤ ❛r❡ ❧✐❦❡❧② t♦ ✐♥❝r❡❛s❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ s❤r✉❜ ❤❡✐❣❤t ❛♥❞ ❞❡♥s✐t② ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱
✷✵✵✺❀ ❇♦♥✜❧s ❡t ❛❧✳✱ ✷✵✶✷✮✳ ■♥❝r❡❛s✐♥❣ s❤r✉❜ ❝♦✈❡r ✐♥❝r❡❛s❡s s✉r❢❛❝❡ r♦✉❣❤♥❡ss ❛♥❞
t❤✉s t❤❡ ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ ❛t♠♦s♣❤❡r❡ ❛♥❞ t❤❡ s✉r❢❛❝❡ ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳
❚❤❡s❡ ✢✉①❡s ❛r❡ ❛❧s♦ ♠♦❞✉❧❛t❡❞ ❜② ♦t❤❡r s②st❡♠ ♣r♦♣❡rt✐❡s ✐♥❝❧✉❞✐♥❣ s♦✐❧ ♠♦✐st✉r❡
❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♠♦ss❡s ✭❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳
❆❞❞✐t✐♦♥❛❧❧②✱ s❤r✉❜s ❛✛❡❝t t❤❡ ❛♠♦✉♥t ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ tr❛♥s♠✐tt❡❞ t♦ t❤❡
s♦✐❧ s✉r❢❛❝❡✱ ❛♥ ✐♠♣♦rt❛♥t ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ s♦✐❧ s✉r❢❛❝❡ ❡♥❡r❣② ❜❛❧❛♥❝❡ ✭❊✉❣st❡r
❡t ❛❧✳✱ ✷✵✵✵✮✳ ❲❤✐❧❡ s❤r✉❜s ✐♥❝r❡❛s❡❞ t❤❡ ✇✐♥t❡r s♦✐❧ t❡♠♣❡r❛t✉r❡✱ s✉♠♠❡r s♦✐❧
t❡♠♣❡r❛t✉r❡ ✇❛s r❡❞✉❝❡❞ t❤r♦✉❣❤ s❤❛❞✐♥❣ ✭▼②❡rs✲❙♠✐t❤ ❛♥❞ ❍✐❦ ✱ ✷✵✶✸✮✳ ❆t ❧❡❛st
❛t t❤❡ ❧♦❝❛❧ s❝❛❧❡✱ s❤r✉❜ s❤❛❞✐♥❣ ♠❛② ♦✛s❡t ❛✐r t❡♠♣❡r❛t✉r❡ ✇❛r♠✐♥❣ ❛♥❞ r❡❞✉❝❡
❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ✭❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✵❀ ❏♦r❣❡♥s♦♥ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❚❤❡s❡ ❝❤❛♥❣❡s ✐♥
t❤❡ ❡♥❡r❣② ❜❛❧❛♥❝❡ r❡s✉❧t✐♥❣ ❢r♦♠ s❤r✉❜ ❡①♣❛♥s✐♦♥ ♠❛② ✐♥ t✉r♥ ❢❛❝✐❧✐t❛t❡ ❢✉rt❤❡r
s❤r✉❜ ❣r♦✇t❤ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✺❀ ❙✇❛♥♥ ❡t ❛❧✳✱ ✷✵✶✵✮✳
❚❤❡ q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t ♦❢ s❤r✉❜✐✜❝❛t✐♦♥ ♦♥ s✉♠♠❡r ❛❧❜❡❞♦ ❤❛s ♥♦t ❜❡❡♥
❛❞❞r❡ss❡❞ ✐♥ ♠✉❝❤ ❞❡t❛✐❧✱ ❛♣❛rt ❢r♦♠ ♦❜s❡r✈❛t✐♦♥s ❛❝r♦ss ❛ ❧❛t✐t✉❞✐♥❛❧ ❣r❛❞✐❡♥t✳ ■t
✐s ❤❛r❞ t♦ r❡❧❛t❡ s❛t❡❧❧✐t❡ ❜❛s❡❞ ❛❧❜❡❞♦ ❞❛t❛ t♦ s❤r✉❜ ❛❜✉♥❞❛♥❝❡ ✐♥ t❤❡ ❆r❝t✐❝ ❛s
✹✸
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
t❤❡ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ ♦♣❡r❛t✐♦♥❛❧ s❛t❡❧❧✐t❡✲❞❡r✐✈❡❞ ❛❧❜❡❞♦ ♣r♦❞✉❝ts ✐s 0.5✕1 km✳
❆s s✉❝❤✱ ✇❡ ❛r❡ ❝✉rr❡♥t❧② ✉♥❛❜❧❡ t♦ ❡✛❡❝t✐✈❡❧② ❛ss❡ss s❤r✉❜ ❝♦✈❡r ❛♥❞ ❛❜✉♥❞❛♥❝❡
❛t t❤✐s s❝❛❧❡✳ ❲❡ t❤❡r❡❢♦r❡ ♣❡r❢♦r♠❡❞ ❛♥ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞✲
❡❧❧✐♥❣ st✉❞② t♦ ❞✐s❡♥t❛♥❣❧❡ t❤❡ ❡✛❡❝t ♦❢ s❤r✉❜ ❞❡♥s✐t② ❛♥❞ ❤❡✐❣❤t ♦♥ r❡✢❡❝t❡❞ ❛♥❞
tr❛♥s♠✐tt❡❞ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ❛♥❞ ◆❉❱■✱ t❤❡ ♣r♦①② ♠♦st ♦❢t❡♥ ✉s❡❞ t♦
❡st✐♠❛t❡ ❧♦♥❣✲t❡r♠ ♣r♦❞✉❝t✐✈✐t② ❛t ❧❛r❣❡ s♣❛t✐❛❧ s❝❛❧❡ ✭❡✳❣✳ ❍♦♣❡ ❡t ❛❧✳✱ ✷✵✵✹❀ ❇❤❛tt
❡t ❛❧✳✱ ✷✵✶✵✮✳ ❘❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ ❝❛♥ ❤❡❧♣ t♦ q✉❛♥t✐❢② r❡✢❡❝t❡❞ ❛♥❞ tr❛♥s✲
♠✐tt❡❞ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✱ ✐♥❝❧✉❞✐♥❣ s✉❜❞❛✐❧② ❛♥❞ s❡❛s♦♥❛❧ ✈❛r✐❛t✐♦♥ ✭❲✐❞❧♦✇s❦✐
❡t ❛❧✳✱ ✷✵✶✶✮✳ ■t ❝❛♥ ❜❡ ✉s❡❞ t♦ ✈❛❧✐❞❛t❡ s✐♠♣❧❡r ❛♣♣r♦❛❝❤❡s ✇❤✐❝❤ ❛r❡ ♦❢t❡♥ ✉s❡❞
✐♥ ❧❛r❣❡✲s❝❛❧❡ ♠♦❞❡❧❧✐♥❣ ✭P✐♥t② ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❚✇♦ st✉❞✐❡s ♦♥ ❆r❝t✐❝ s❤r✉❜s q✉❛♥t✐❢②
t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ s♦❧❛r r❛❞✐❛t✐♦♥ ♦❢ ✇♦♦❞② ❡❧❡♠❡♥ts ❜❡❢♦r❡ ❧❡❛❢✲♦✉t ✭❇❡✇❧❡② ❡t ❛❧✳✱
✷✵✵✼❀ ❘❡✐❞ ❡t ❛❧✳✱ ✷✵✶✹✮✱ ❜✉t✱ t♦ ♦✉r ❦♥♦✇❧❡❞❣❡✱ ♥♦ st✉❞② s♦ ❢❛r ❤❛s s✐♠✉❧❛t❡❞ t❤❡
❢✉❧❧ r❛❞✐❛t✐✈❡ ❜✉❞❣❡t ♦❢ ❆r❝t✐❝ ❞✇❛r❢ s❤r✉❜ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s ✐♥❝❧✉❞✐♥❣ s♣❡❝tr❛❧
r❡✢❡❝t❛♥❝❡ ♦❢ t❤❡ ❝❛♥♦♣② ❛♥❞ tr❛♥s♠✐tt❡❞ r❛❞✐❛t✐♦♥✳
❲❡ ♣r❡s❡♥t r❡s✉❧ts ♦❢ ♠♦❞❡❧❧✐♥❣ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ✇♦r❦ ♦♥ t❤❡ ❡✛❡❝t ♦❢ ❞✇❛r❢
❜✐r❝❤ ❧❡❛❢ ❛♥❞ ❜r❛♥❝❤ ❛r❡❛ ♦♥ t❤❡ r❛❞✐❛t✐✈❡ ❜❛❧❛♥❝❡✳ ❯♥❧✐❦❡ ♠♦st st✉❞✐❡s ♦♥ t❤❡
❡✛❡❝t ♦❢ ✈❡❣❡t❛t✐♦♥ ♦♥ t❤❡ ❡♥❡r❣② ❜❛❧❛♥❝❡ ♦❢ t❤❡ ❆r❝t✐❝ ✭❡✳❣✳ ❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺❀
❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✺❀ ▲♦r❛♥t② ❡t ❛❧✳✱ ✷✵✶✶✮✱ ✇❡ ❞✐❞ ♥♦t ❝♦♠♣❛r❡ ❞✐✛❡r❡♥t ❡❝♦s②st❡♠s
❜✉t q✉❛♥t✐✜❡❞ t❤❡ ❡✛❡❝ts ♦❢ ✈❛r②✐♥❣ ❜✐♦♠❛ss ✇✐t❤✐♥ ♦♥❡ ✈❡❣❡t❛t✐♦♥ t②♣❡✳ ❲❡ r❛♥
t❤❡ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❉❆❘❚ ✭●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ❡t ❛❧✳✱ ✶✾✾✻❀ ●r❛✉ ❛♥❞
●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ✱ ✷✵✶✸✮ ❢♦r s❤r✉❜ ✈❡❣❡t❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ❞❡♥s✐t✐❡s✳ ❚❤❡ ♠♦❞❡❧
✇❛s ✐♥✐t✐❛❧✐s❡❞ ✇✐t❤ ✜❡❧❞ ❞❛t❛ ✇❤✐❝❤ ✐♥❝❧✉❞❡❞ ❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ✈❡❣❡t❛t✐♦♥
str✉❝t✉r❡ ❛♥❞ ❧❡❛❢ ❛♥❞ ❜r❛♥❝❤ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s✳ ❲❡ ✈❛❧✐❞❛t❡❞ t❤❡ ♠♦❞❡❧ ✇✐t❤
❝❛♥♦♣② r❡✢❡❝t❡❞ ❛♥❞ tr❛♥s♠✐tt❡❞ r❛❞✐❛t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ♦♥ ♥❛t✉r❛❧ ❝❛♥♦♣✐❡s ❛♥❞
✈❡❣❡t❛t✐♦♥ ✇✐t❤ ❡①♣❡r✐♠❡♥t❛❧❧② r❡❞✉❝❡❞ ❞❡♥s✐t②✳ ❲❡ ❝♦♠♣❛r❡❞ r❡s✉❧ts ❢r♦♠ ♠♦❞✲
❡❧s ✇✐t❤ ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢ ❝♦♠♣❧❡①✐t② t♦ ❛ss❡ss t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❞❡t❛✐❧❡❞ s❤r✉❜
r❡♣r❡s❡♥t❛t✐♦♥ ♦♥ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ r❡s✉❧ts✳
✸✳✷ ▼❡t❤♦❞s
✸✳✷✳✶ ❋✐❡❧❞ s✐t❡
❚❤❡ ❑②t❛❧②❦ ✜❡❧❞ s✐t❡ ✐s ❧♦❝❛t❡❞ ✐♥ t❤❡ ■♥❞✐❣✐r❦❛ ❧♦✇❧❛♥❞s✱ ◆♦rt❤✲❊❛st ❙✐❜❡r✐❛
✭70.83 ➦N✱ 147.49 ➦E✱ ❋✐❣✉r❡ ✸✳✶✱ ❛✮✳ ❚❤❡ ♠❡❛♥ ❛♥♥✉❛❧ ❛✐r t❡♠♣❡r❛t✉r❡ ✐s −10.5 ➦C
✇✐t❤ ❛ r❛♥❣❡ ♦❢ −32.5 ➦C ✐♥ ❏❛♥✉❛r② ❛♥❞ 10.4 ➦C ✐♥ ❏✉❧② ✭✈❛♥ ❞❡r ▼♦❧❡♥ ❡t ❛❧✳✱ ✷✵✵✼✮✳
❚❤❡ ♠❡❛♥ ❛♥♥✉❛❧ ♣r❡❝✐♣✐t❛t✐♦♥ ✐s 220mm ✭P❛r♠❡♥t✐❡r ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ❑②t❛❧②❦ ✐s ✐♥
t❤❡ ❝♦♥t✐♥✉♦✉s ♣❡r♠❛❢r♦st ③♦♥❡ ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ ❛❝t✐✈❡✲❧❛②❡r t❤✐❝❦♥❡ss ✭❆▲❚✮ ♦❢
42 cm✳ ❉r② ❛r❡❛s s❤♦✇ ❛ r❡❞✉❝❡❞ ❆▲❚ ♦❢ 12✕28 cm✱ ✇❤✐❧❡ t❤❡ ❆▲❚ ✐♥ ✇❡tt❡r ❛r❡❛s
r❛♥❣❡s ❢r♦♠ 22✕50 cm ✭▼✐ ❡t ❛❧✳✱ ✷✵✶✹✮✳
❚❤❡ ❈✐r❝✉♠♣♦❧❛r ❆r❝t✐❝ ❱❡❣❡t❛t✐♦♥ ▼❛♣ ❝❧❛ss✐✜❡s t❤❡ ✈❡❣❡t❛t✐♦♥ ❛t t❤❡ st✉❞②
✹✹
✭❛✮ ✭❜✮
✭❝✮ ✭❞✮
❋✐❣✉r❡ ✸✳✶✿ ❖✈❡r✈✐❡✇ ♦❢ t❤❡ st❛t✐♦♥s ❧♦❝❛t✐♦♥ ✐♥ ♥♦rt❤✲❡❛st ❙✐❜❡r✐❛ ❛♥❞ t❤❡ ❡①t❡♥t ♦❢
❆r❝t✐❝ t✉♥❞r❛ ✭❛✱ ❞❛r❦ ❣r❡②✱ ❞❛t❛ ❢r♦♠ ❲❛❧❦❡r ❡t ❛❧✳ ✭✷✵✵✺✮✮✱ s❛t❡❧❧✐t❡ ✐♠❛❣❡ ✭●❡♦❊②❡✲
✶✮ ♦❢ t❤❡ s✐t❡ ✇✐t❤ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✜✈❡ ♣❧♦ts ✭❜✱ r❡❞ sq✉❛r❡s✮✱ t✉♥❞r❛ ❧❛♥❞s❝❛♣❡ ✭❝✮
❛♥❞ ❞✇❛r❢ ❜✐r❝❤ ✈❡❣❡t❛t✐♦♥ ✭❞✱ ❞❡t❛✐❧ ♦❢ ❛❜♦✉t ✻✵·90 cm✮✳
s✐t❡ ❛s t✉ss♦❝❦✲s❡❞❣❡✱ ❞✇❛r❢✲s❤r✉❜✱ ♠♦ss t✉♥❞r❛ ✭❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❉✇❛r❢ ❜✐r❝❤
✭❇❡t✉❧❛ ♥❛♥❛✮ ✐s t❤❡ ♠❛✐♥ s❤r✉❜ t②♣❡ ✭❋✐❣✉r❡ ✸✳✶✱ ❞✮✳ ❙❤r✉❜s ❛♥❞ s❡❞❣❡s ❛r❡ ❛rr❛♥❣❡❞
❛❧t❡r♥❛t❡❧② ✐♥ s♠❛❧❧ ♣❛t❝❤❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♠✐❝r♦ t♦♣♦❣r❛♣❤② ❛♥❞ ♠♦✐st✉r❡ ♦♥ t❤❡
s❝❛❧❡ ♦❢ ❛ ❢❡✇ ♠❡t❡rs ✐♥ t❤❡ ❛r❡❛ ♦❢ ❛ ❞r❛✐♥❡❞ t❤❛✇ ❧❛❦❡ ❜❡❞ ✭❋✐❣✉r❡ ✸✳✶✱ ❜ ❛♥❞ ❝✮✳
✸✳✷✳✷ ❋✐❡❧❞ ❡①♣❡r✐♠❡♥t ❛♥❞ ♠❡❛s✉r❡♠❡♥ts
❲❡ ❝♦♥❞✉❝t❡❞ ❛ ✜❡❧❞ ❝❛♠♣❛✐❣♥ ✐♥ ❏✉♥❡ ❛♥❞ ❏✉❧② ✷✵✶✷ ❛♥❞ ♠❡❛s✉r❡❞ ✐♥♣✉t ❛♥❞
✈❛❧✐❞❛t✐♦♥ ❞❛t❛ t♦ ♣❛r❛♠❡t❡r✐s❡ ❛ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❢♦r ❞✇❛r❢ ❜✐r❝❤ ❝❛♥♦♣✐❡s✳
❲❡ ♣❡r❢♦r♠❡❞ ❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❡①♣❡r✐♠❡♥t t♦ ✐♥❝r❡❛s❡ t❤❡ ✈❛r✐❛❜✐❧✐t② ❛♥❞ r❛♥❣❡ ♦❢
♣❧♦t ❝❤❛r❛❝t❡r✐st✐❝s✳ ❚❤❡ ❡①♣❡r✐♠❡♥t ✐♥❝❧✉❞❡❞ ✜✈❡ r❡♣❧✐❝❛t❡ ♣❧♦ts ♦♥ ❞✐✛❡r❡♥t ❞✇❛r❢
❜✐r❝❤ ♣❛t❝❤❡s✱ ❡❛❝❤ ✇✐t❤ ❛ ❝♦♥tr♦❧✱ ❤❡✐❣❤t✱ ❛♥❞ ❞❡♥s✐t② tr❡❛t♠❡♥t✳ ❋♦r t❤❡ ❤❡✐❣❤t
tr❡❛t♠❡♥t ✇❡ r❡♠♦✈❡❞ t❤❡ t♦♣ 5 cm ♦❢ ❛❧❧ ❞✇❛r❢ ❜✐r❝❤ ❜r❛♥❝❤❡s✳ ❋♦r t❤❡ ❞❡♥s✐t②
tr❡❛t♠❡♥t ✇❡ r❡♠♦✈❡❞ r♦✉❣❤❧② ♦♥❡ t❤✐r❞ ♦❢ t❤❡ ❞✇❛r❢ ❜✐r❝❤ ❜r❛♥❝❤❡s ❛❜♦✈❡ t❤❡ ♠♦ss
✹✺
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
❧❛②❡r✳ ❲❡ ✉s❡ t❤❡ t❡r♠ ❵❜r❛♥❝❤✬ ❢♦r ❞✇❛r❢ ❜✐r❝❤ r❛♠❡ts✱ s❡♣❛r❛t❡ ✉♥✐ts t❤❛t ❜❡❧♦♥❣
t♦ ❛ ❝❧♦♥❛❧ ♣♦♣✉❧❛t✐♦♥✳ ❚❤❡ ❜r❛♥❝❤❡s✱ ♦r r❛♠❡ts✱ ❛r❡ ♥♦t ❝♦♥♥❡❝t❡❞ ❛❜♦✈❡✲❣r♦✉♥❞
❛♥❞ ❤❛✈❡ s✐♠♣❧❡ s❤❛♣❡s ✇✐t❤ ♠✐♥✐♠❛❧ ♦✛✲s❤♦♦ts✳ ❆❞❞✐t✐♦♥❛❧❧②✱ s✉❜♣❧♦ts ♦❢ ❝♦♠♣❧❡t❡
s❤r✉❜ r❡♠♦✈❛❧ ✇❡r❡ ✉s❡❞ ❢♦r ❜❛❝❦❣r♦✉♥❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ❛♥❞ ❜✐♦♠❛ss ❡st✐♠❛t✐♦♥s✳
❚❤❡ ❝♦♥tr♦❧✱ ❤❡✐❣❤t✱ ❛♥❞ ❞❡♥s✐t② tr❡❛t♠❡♥t ♣❧♦ts ✇❡r❡ 2m·2m ✐♥ s✐③❡ ❛♥❞ t❤❡ r❡♠♦✈❛❧
♣❧♦ts ✇❡r❡ 0.8m · 0.8m✳ ❚❤❡ ✈❡❣❡t❛t✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s ❛❢t❡r tr❡❛t♠❡♥t ❛r❡ s❤♦✇♥
✐♥ ❚❛❜❧❡ ✸✳✷✳ ❲❡ t❡st❡❞ ❛❧❧ ✈❛r✐❛❜❧❡s ♦❢ ✐♥t❡r❡st ❢♦r ♣r❡❡①✐st✐♥❣ ❜✐❛s❡s ❞✉❡ t♦ ♣❧♦t
s❡❧❡❝t✐♦♥ ❛♥❞ ❡✈❛❧✉❛t❡❞ t❤❡ tr❡❛t♠❡♥t ❡✛❡❝ts ♦✈❡r t✐♠❡ ✇✐t❤ st❛t✐st✐❝❛❧ ♠❡t❤♦❞s✳
❉❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ✈❡❣❡t❛t✐♦♥ str✉❝t✉r❡ ❛♥❞ ♣r♦♣❡rt✐❡s ✇❡r❡ r❡q✉✐r❡❞ t♦ ♣❛✲
r❛♠❡t❡r✐s❡ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧✳ ❋♦r t❤❡ ❞✇❛r❢ ❜✐r❝❤ ❝❛♥♦♣② ✇❡ ✉s❡❞ ♣♦✐♥t✲
q✉❛❞r❛t ❣r✐❞s t♦ ♠❡❛s✉r❡ t❤❡ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✭▲❆■ ✐♥ m2 m−2✮ ❛♥❞ t❤❡ ❜r❛♥❝❤ ❛r❡❛
✐♥❞❡① ✭❇❆■ ✐♥ m2 m−2✮ ❛s ✇❡❧❧ ❛s t❤❡ ❝❛♥♦♣② ❤❡✐❣❤t ❛t t❤r❡❡ t✐♠❡♣♦✐♥ts ✐♥ ❏✉♥❡ ❛♥❞
❏✉❧② ♦♥ ❡❛❝❤ s✉❜♣❧♦t ✭❞❛t❡s ✐♥ ❚❛❜❧❡ ✸✳✶✮✳ ❲❡ r❡❝♦r❞❡❞ ❛❧❧ ❧❡❛❢ ❛♥❞ ❜r❛♥❝❤ ❤✐ts ♦♥
❛ 0.5m·0.5m ❣r✐❞ ♦❢ ✽✶ ♣♦✐♥ts✳ P❧❛♥t ❛r❡❛ ✐♥❞❡① ✭P❆■ ✐♥ m2 m−2✮ ✐s t❤❡ s✉♠ ♦❢
▲❆■ ❛♥❞ ❇❆■✳ ❲❡ ✉s❡ ▲❆■ ❛s ❛❜❜r❡✈✐❛t✐♦♥ ❢♦r t♦t❛❧✱ ♦♥❡✲s✐❞❡❞ ❧❡❛❢ ❛r❡❛ ♣❡r ❣r♦✉♥❞
❛r❡❛✳ ❆s ❜r❛♥❝❤❡s ❛r❡ ❝②❧✐♥❞r✐❝❛❧✱ ✇❡ ✉s❡ t❤❡ ♣r♦❞✉❝t ♦❢ ❜r❛♥❝❤ ❞✐❛♠❡t❡r ❛♥❞ ❜r❛♥❝❤
❧❡♥❣t❤ ❛s ♣r♦①② ❢♦r ❜r❛♥❝❤ ❛r❡❛✳ ❲❡ ❝♦✉♥t❡❞ t❤❡ ♥✉♠❜❡r ♦❢ s❤r✉❜ st❡♠s ❛♥❞ ❧❡❛✈❡s
❛♥❞ ❡st✐♠❛t❡❞ t❤❡ s❤❛♣❡ ♦❢ ❛ t②♣✐❝❛❧ ❜r❛♥❝❤ ❢r♦♠ ♣❤♦t♦❣r❛♣❤s ❛♥❞ ♠❡❛s✉r❡♠❡♥ts
❢r♦♠ ❛ r❡♠♦✈❡❞ ❜r❛♥❝❤✳ ❚❤❡ ✸❉ ❜r❛♥❝❤ str✉❝t✉r❡ ✇❛s t❤❡♥ r❡❝♦♥str✉❝t❡❞ ✉s✐♥❣ t❤❡
❣r❛♣❤✐❝s s♦❢t✇❛r❡ ❜❧❡♥❞❡rTM✳
❆❞❞✐t✐♦♥❛❧❧② ✇❡ ♠❡❛s✉r❡❞ ❧❡❛❢ ❛♥❞ ❜❛r❦ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ✭❋✐❣✉r❡ ✸✳✷✮ ✇✐t❤ ❛♥
❆❙❉ s♣❡❝tr♦♠❡t❡r ✭❆♥❛❧②t✐❝❛❧ ❙♣❡❝tr❛❧ ❉❡✈✐❝❡s✱ ❋✐❡❧❞s♣❡❝✹✮✱ ❤✐❣❤✲✐♥t❡♥s✐t② ❝♦♥t❛❝t
♣r♦❜❡✱ ❛♥❞ ❧❡❛❢ ❝❧✐♣✳ ❚❤❡ ❆❙❉ ❝♦✈❡rs t❤❡ s♣❡❝tr❛❧ r❛♥❣❡ ♦❢ 350✕2500 nm ✐♥ 3 nm
s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ✈✐s✐❜❧❡ r❛♥❣❡ ❛♥❞ 10 nm s♣❡❝tr❛❧ r❡s♦❧✉t✐♦♥ ✐♥ t❤❡ ◆■❘✳ ❲❡
♠❡❛s✉r❡❞ ❧❡❛❢ t♦♣✱ ❧❡❛❢ ❜♦tt♦♠✱ ❛♥❞ ❜❛r❦ s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡ ♦♥ ❛ ❜❧❛❝❦ ❜❛❝❦❣r♦✉♥❞
✇✐t❤ ❛ ♠❡❛s✉r❡♠❡♥t s♣♦t s✐③❡ ♦❢ 10mm✳ ❲❡ ❞✐st✐♥❣✉✐s❤❡❞ t✇♦ t②♣❡s ♦❢ ❞✇❛r❢ ❜✐r❝❤
❜r❛♥❝❤❡s✱ ♦❧❞ ❜r❛♥❝❤❡s ✇✐t❤ ❛ ❣r❡② ❝♦❧♦✉r ✭✻✸✪ ♦❢ t❤❡ ❜r❛♥❝❤❡s✮ ❛♥❞ ②♦✉♥❣ ❜r❛♥❝❤❡s✱
r❡❞❞✐s❤ ✐♥ ❝♦❧♦✉r ✭✸✼✪✮✳ ❆s ✇❡ ❝♦✉❧❞ ♥♦t ♠❡❛s✉r❡ ❧❡❛❢ tr❛♥s♠✐tt❛♥❝❡ ✭T ✮ ✐♥ t❤❡ ✜❡❧❞✱
✐t ✇❛s ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ❧❡❛❢ r❡✢❡❝t❛♥❝❡ ✭R✮ ❛♥❞ t✇♦ ♦t❤❡r ❞❛t❛s❡ts ✇❤✐❝❤
✐♥❝❧✉❞❡❞ r❡✢❡❝t❛♥❝❡ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡ ✉s✐♥❣ ❡q✉❛t✐♦♥ ✸✳✶✳
Testimated(λ) = max
(
Rmeasured(λ) ·
(
Treference(λ)
Rreference(λ)
)
, 0
)
✭✸✳✶✮
■♥ t❤❡ r❛♥❣❡ λ =400✕1900 nm ✇❡ t♦♦❦ t❤❡ r❡❢❡r❡♥❝❡ ❞❛t❛ ❢r♦♠ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡
♠❡❛s✉r❡♠❡♥ts ♦❢ ❛ ❤♦rt✐❝✉❧t✉r❛❧ ❞✇❛r❢ ❜✐r❝❤ ✐♥ ❩✉r✐❝❤✳ ❋♦r t❤❡ ❧♦♥❣❡r ✇❛✈❡❧❡♥❣t❤s
✭1900✕2500 nm✮✱ t❤❡ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡ ❞❛t❛ ✇❛s t♦♦ ♥♦✐s② s♦ ✇❡ ✉s❡❞ ❞❛t❛ ❢♦r
t❤❡ s✐❧✈❡r ❜✐r❝❤ ✭❇❡t✉❧❛ ♣❡♥❞✉❧❛✮ ❢r♦♠ t❤❡ ▲❖P❊❳ ❞❛t❛❜❛s❡ ✭❍♦s❣♦♦❞ ❡t ❛❧✳✱ ✶✾✾✺✱
r❡✈✐s❡❞ ✷✵✵✺✮ ❛s ❛ r❡❢❡r❡♥❝❡✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✇❛s ✉s❡❞ ❜❡❝❛✉s❡✱ ❛♣❛rt ❢r♦♠ t❤❡ ♥♦✐s❡✱
t❤❡ t❤❡ r❛t✐♦ T (λ)
R(λ)
✇❛s s✐♠✐❧❛r ❢♦r ❜♦t❤ r❡❢❡r❡♥❝❡ ❞❛t❛ s❡ts✳
❲❡ ✉s❡❞ r❡✢❡❝t❛♥❝❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ r❡♠♦✈❛❧ ♣❧♦ts ❛s ❜❛❝❦❣r♦✉♥❞ ♣r♦♣❡rt② ✐♥
✹✻
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❲❛✈❡❧❡♥❣t❤ ✐♥ nm
❘
❡✢
❡❝
t❛
♥
❝❡
❀
✶
✲❚
r❛
♥
s♠
✐t
t❛
♥
❝❡
❯♣♣❡r ❢❛❝❡ r❡✢❡❝t❛♥❝❡
▲♦✇❡r ❢❛❝❡ r❡✢❡❝t❛♥❝❡
❚r❛♥s♠✐tt❛♥❝❡
500 1,000 1,500 2,000 2,500
0
0.2
0.4
0.6
0.8
1
✭❜✮
❲❛✈❡❧❡♥❣t❤ ✐♥ nm
❘
❡✢
❡❝
t❛
♥
❝❡
❨♦✉♥❣ ❜r❛♥❝❤❡s
❖❧❞ ❜r❛♥❝❤❡s
❇❛❝❦❣r♦✉♥❞
❋✐❣✉r❡ ✸✳✷✿ ▼❡❛♥ ❞✇❛r❢ ❜✐r❝❤ ❧❡❛❢ ✭❛✮ ❛♥❞ ❜❛r❦ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ❛♥❞ ❜❛❝❦❣r♦✉♥❞ r❡✲
✢❡❝t❛♥❝❡ ✭❜✮✳
t❤❡ ❉❆❘❚ s✐♠✉❧❛t✐♦♥s ✭❋✐❣✉r❡ ✸✳✷✱ ❜✮✳ ❚❤❡ ❜❛❝❦❣r♦✉♥❞ ❜❡❧♦✇ t❤❡ s❤r✉❜s ♦♥ ❛✈❡r❛❣❡
❝♦♥s✐st❡❞ ♦❢ ✺✵✪ ❞✇❛r❢ ❜✐r❝❤ ❧✐tt❡r✱ ✹✽✪ ♠♦ss❡s ❛♥❞ ✷✪ ❧✐❝❤❡♥✳
❚♦ ✈❛❧✐❞❛t❡ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ✇❡ ♠❡❛s✉r❡❞ ❝❛♥♦♣② ❤❡♠✐s♣❤❡r✐❝❛❧✲❞✐✲
r❡❝t✐♦♥❛❧ s♣❡❝tr❛❧ r❡✢❡❝t❡❞ r❛❞✐❛t✐♦♥ ✭λ =350✕2500 nm✮ ✈❡rt✐❝❛❧❧② ≈1m ❛❜♦✈❡ t❤❡
s♦✐❧ s✉r❢❛❝❡ ✉s✐♥❣ ❛♥ ❆❙❉ ✇✐t❤ ❛ 5➦ ✜❡❧❞ ♦❢ ✈✐❡✇✳ ✷✺ s✐♥❣❧❡ ❡①✐t❛♥❝❡ r❡❛❞✐♥❣s ✇❡r❡
❛✈❡r❛❣❡❞ ❢♦r ❡❛❝❤ ♠❡❛s✉r❡♠❡♥t ❛♥❞ ✇❡ t♦♦❦ t❤r❡❡ s✉❝❤ ♠❡❛s✉r❡♠❡♥ts ♦♥ ❡✈❡r②
s✉❜♣❧♦t ❛t ❡❛❝❤ t✐♠❡ ♣♦✐♥t✳ ❲❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛❧ ✐rr❛❞✐❛♥❝❡ ❢r♦♠ t❤❡ r❡✢❡❝t❛♥❝❡
♦❢ ❛ s♣❡❝tr❛❧♦♥➤✇❤✐t❡ ♣❛♥❡❧✳ ❋r♦♠ ❡①✐t❛♥❝❡ ❛♥❞ ✐rr❛❞✐❛♥❝❡ ✇❡ ❝❛❧❝✉❧❛t❡❞ s♣❡❝tr❛❧
r❡✢❡❝t❛♥❝❡ ✭Rnadir✱ ❊q✉❛t✐♦♥ ✸✳✷✮ ❛♥❞ ❜r♦❛❞❜❛♥❞ r❡✢❡❝t❛♥❝❡ ✭Rbnadir✱ ❊q✉❛t✐♦♥ ✸✳✸✮✳
❋✉rt❤❡r♠♦r❡ ✇❡ ❝❛❧❝✉❧❛t❡❞ t❤❡ ◆❉❱■ ✭◆♦r♠❛❧✐③❡❞ ❉✐✛❡r❡♥❝❡ ❱❡❣❡t❛t✐♦♥ ■♥❞❡①✮✱
✇❤✐❝❤ ✐s ♦❢t❡♥ ✉s❡❞ ❛s ❛ ♣r♦①② ❢♦r ✈❡❣❡t❛t✐♦♥ ♣r♦❞✉❝t✐✈✐t② ✭❡✳❣✳ ❇❡❝❦ ❛♥❞ ●♦❡t③ ✱
✷✵✶✶❀ ●❛♠♦♥ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❲❡ ❝❛❧❝✉❧❛t❡❞ ◆❉❱■ ❢r♦♠ t❤❡ ♥❛❞✐r s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡
♠❡❛s✉r❡♠❡♥ts ✉s✐♥❣ t❤❡ r❡❞ ❛♥❞ ◆■❘ ❜❛♥❞s ❛❝❝♦r❞✐♥❣ t♦ ❆❱❍❘❘ ✭❆❞✈❛♥❝❡❞ ❱❡r②
❍✐❣❤ ❘❡s♦❧✉t✐♦♥ ❘❛❞✐♦♠❡t❡r✮ s♣❡❝✐✜❝❛t✐♦♥s ✭❊q✉❛t✐♦♥ ✸✳✹✮ ❛s ❆❱❍❘❘ ❞❛t❛ ❛r❡ ♦❢t❡♥
✉s❡❞ ✐♥ st✉❞✐❡s ♦❢ ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ✭❡✳❣✳ ❍♦♣❡ ❡t ❛❧✳✱ ✷✵✵✹❀ ❇❤❛tt ❡t ❛❧✳✱ ✷✵✶✵✮✳
Rnadir(λ) =
Exitance(λ)
Irradiance(λ)
✭✸✳✷✮
Rbnadir =
2500 nm∑
λ=400 nm
Exitance(λ)
2500 nm∑
λ=400 nm
Irradiance(λ)
✭✸✳✸✮
NDVI = Rnadir(nir725−1000 nm)−Rnadir(red580−680 nm)
Rnadir(nir725−1000 nm)+Rnadir(red580−680 nm)
✭✸✳✹✮
✹✼
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
❚❛❜❧❡ ✸✳✶✿ ❉❡t❛✐❧s ♦♥ ❛❧❧ ♠❡❛s✉r❡❞ ✈❛r✐❛❜❧❡s ❛♥❞ t❤❡ ♠♦❞❡❧ ✐♥♣✉ts❀ ✯ ✐♥❞✐❝❛t❡s ♠❡❛s✉r❡✲
♠❡♥ts ♦♥ ♣❧♦t ✺ ♦♥❧②✳
❱❛r✐❛❜❧❡ ▼❡t❤♦❞ ❉❛t❡s ✐♥ ✷✵✶✷ ❱❛❧✉❡
▼❡❛s✉r❡❞ ♠♦❞❡❧ ✐♥♣✉t
▲❡❛❢ ❛r❡❛ ✐♥❞❡① ♦❢ ❞✇❛r❢ ❜✐r❝❤
✭▲❆■✮
P♦✐♥t✲q✉❛❞r❛♥t ❣r✐❞ ✶✽ ✲ ✶✾✴✵✻✱ ✷✸✴✵✻✯ ✫ ✷✺✴✵✻ ✫ ✶✹✴✵✼
❇r❛♥❝❤ ❛r❡❛ ✐♥❞❡① ♦❢ ❞✇❛r❢
❜✐r❝❤ ✭❇❆■✮
P♦✐♥t✲q✉❛❞r❛♥t ❣r✐❞ ✶✽ ✲ ✶✾✴✵✻✱ ✷✸✴✵✻✯ ✫ ✷✺✴✵✻ ✫ ✶✹✴✵✼
❈❛♥♦♣② ❤❡✐❣❤t P♦✐♥t✲q✉❛❞r❛♥t ❣r✐❞ ✵✻✴✵✼ 23 cm±5 cm
◆✉♠❜❡r ♦❢ ❞✇❛r❢ ❜✐r❝❤ st❡♠s ❈♦✉♥t ♦♥ r❡♠♦✈❛❧ ♣❧♦ts ✷✾✴✵✻ ✲ ✵✹✴✵✼
◆✉♠❜❡r ♦❢ ❞✇❛r❢ ❜✐r❝❤ ❧❡❛✈❡s ❈♦✉♥t ♦♥ r❡♠♦✈❛❧ ♣❧♦ts ✷✶ ✲ ✷✸✴✵✻
❉✇❛r❢ ❜✐r❝❤ ❜r❛♥❝❤ str✉❝t✉r❡ ▼❛♥✉❛❧ ♠❡❛s✉r❡♠❡♥ts✱
♣❤♦t♦s✱ ✸❉ ♠♦❞❡❧ ✉s✐♥❣
❜❧❡♥❞❡rTM
✷✵ ✲ ✷✸✴✵✻ ✫ ✷✾✴✵✻ ✫ ✵✹✴✵✼ ✫ ✵✻✴✵✼ ❇r❛♥❝❤ ❧❡♥❣t❤
≈ 41 cm✱
❧❡❛❢ ❞✐❛♠❡t❡r
≈ 1 cm
▲❡❛❢ s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡ ❆❙❉ ✭❝♦♥t❛❝t ♣r♦❜❡✮ ✶✹✴✵✼
❇r❛♥❝❤ s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡ ❆❙❉ ✭❝♦♥t❛❝t ♣r♦❜❡✮ ✵✺✴✵✼
❇❛❝❦❣r♦✉♥❞ r❡✢❡❝t❛♥❝❡ ❆❙❉ ✭♥❛❞✐r✱ 1m✱ 5➦
✜❡❧❞ ♦❢ ✈✐❡✇✮
✵✽✴✵✼
▼❡❛s✉r❡❞ ♠♦❞❡❧ ✈❛❧✐❞❛t✐♦♥
tP❆❘ ❉❡❧t❛ ❚ ❙✉♥❙❝❛♥ ✶✽✴✵✻✱ ✷✸✴✵✻✯ ✫ ✷✽✴✵✻ ✫ ✵✸✴✵✼
❈❛♥♦♣② r❡✢❡❝t❛♥❝❡ ❆❙❉ ✭♥❛❞✐r✱ 1m✱ 5➦
✜❡❧❞ ♦❢ ✈✐❡✇✮
✶✽✴✵✻✱ ✷✸✴✵✻✯ ✫ ✵✽✴✵✼ ✫ ✶✶✴✵✼
■rr❛❞✐❛♥❝❡ ❆❙❉ ✭✇❤✐t❡ ♣❛♥❡❧✮ ✶✽✴✵✻✱ ✷✸✴✵✻✯ ✫ ✵✽✴✵✼ ✫ ✶✶✴✵✼
❖t❤❡r ✐♥♣✉t ♣❛r❛♠❡t❡rs
❙✉♥ ③❡♥✐t❤ ❛♥❣❧❡ ●❡♦♠❡tr✐❝ ✸✵✴✵✻✱ 1 h ❢r♦♠ s♦❧❛r ♥♦♦♥ 49➦
❆t♠♦s♣❤❡r❡ ♣❛r❛♠❡t❡r✐s❛t✐♦♥ ❉❆❘❚ s✉❜✲❛r❝t✐❝ ✇✐♥✲
t❡r✱ ❛❡r♦s♦❧s r✉r❛❧
✭❱❂23 km✮✱ ❛❡r♦s♦❧
♦♣t✐❝❛❧ ❞❡♣t❤ ❢❛❝t♦r✿ ✵✳✷
❱❛❧✐❞❛t❡❞ ✇✐t❤ ♠❡❛s✉r❡❞ ✐rr❛❞✐❛♥❝❡ ❆❡r♦s♦❧ ♦♣t✐✲
❝❛❧ ❞❡♣t❤ ❛t
550 nm✿ ✵✳✵✻✺
▲❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ✭❢♦r
t✉r❜✐❞ ♠❡❞✐✉♠✮
❊st✐♠❛t❡❞ ✭♣❤♦t♦s✮ ❙♣❤❡r✐❝❛❧
❇r❛♥❝❤ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ✭❢♦r
t✉r❜✐❞ ♠❡❞✐✉♠✮
❊st✐♠❛t❡❞ ✭♣❤♦t♦s✮ ❊r❡❝t♦♣❤✐❧❡
●❡♥❡r❛❧ ♠♦❞❡❧ s❡t✲✉♣
▼♦❞❡ ❋❧✉① tr❛❝❦✐♥❣
❙❝❡♥❡ s✐③❡ 0.5m · 0.5m
❈❡❧❧ s✐③❡ 2.5 cm
❲❛✈❡❧❡♥❣t❤ r❛♥❣❡ 400✕2500 nm
❲❛✈❡❧❡♥❣t❤ ✐♥t❡r✈❛❧ 10 nm
✹✽
❚❤❡ P❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❆❝t✐✈❡ ❘❛❞✐❛t✐♦♥ tr❛♥s♠✐tt❡❞ ❜❡❧♦✇ t❤❡ ❝❛♥♦♣② ✭tP❆❘✱ 400✕
700 nm✮ ✇❛s ♠❡❛s✉r❡❞ ✇✐t❤ ❛ ❉❡❧t❛✲❚ ❉❡✈✐❝❡s ❙✉♥❙❝❛♥ ❈❛♥♦♣② ❆♥❛❧②s✐s ❙②st❡♠✳
❚❤❡ s②st❡♠ ❝♦♥s✐sts ♦❢ t✇♦ ✐♥str✉♠❡♥ts ✇✐t❤ s✐♠✉❧t❛♥❡♦✉s r❡❝♦r❞✐♥❣✿ t❤❡ ❙✉♥❙❝❛♥
Pr♦❜❡ ✭❙❙✶✮ ✐s ❛ ♦♥❡✲♠❡t❡r ❧♦♥❣ ✇❛♥❞ ✇✐t❤ ✻✹ ❡q✉❛❧❧② s♣❛❝❡❞ s❡♥s♦rs ✇❤✐❝❤ ✐s
✐♥s❡rt❡❞ ❜❡❧♦✇ t❤❡ ❝❛♥♦♣② t♦ ♠❡❛s✉r❡ t❤❡ ❛♠♦✉♥t ♦❢ tr❛♥s♠✐tt❡❞ P❆❘✳ ❚❤❡ ❙✉♥s❤✐♥❡
❙❡♥s♦r ✭❇❋✸✮ ✐s ♠♦✉♥t❡❞ ❛❜♦✈❡ t❤❡ ❝❛♥♦♣② ❛♥❞ ♠❡❛s✉r❡s t♦t❛❧ ✐♥❝♦♠✐♥❣ P❆❘ ❛♥❞
❞✐✛✉s❡ ✐♥❝♦♠✐♥❣ P❆❘✳
✸✳✷✳✸ ▼♦❞❡❧❧✐♥❣
❚❤❡ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ❉❆❘❚ ✭❉✐s❝r❡t❡ ❆♥✐s♦tr♦♣✐❝ ❘❛❞✐❛✲
t✐✈❡ ❚r❛♥s❢❡r✮ ♠♦❞❡❧ ✭●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ❡t ❛❧✳✱ ✶✾✾✻✱ ✷✵✵✹❀ ●r❛✉ ❛♥❞ ●❛st❡❧❧✉✲
❊t❝❤❡❣♦rr② ✱ ✷✵✶✸✮ ✈❡rs✐♦♥ ✺✳✹✳✻✳ ✭◆♦✈❡♠❜❡r ✷✵✶✸✮✳ ❉❆❘❚ ❡♥❛❜❧❡s ✸❉ r❛❞✐❛t✐✈❡
tr❛♥s❢❡r s✐♠✉❧❛t✐♦♥s t❤r♦✉❣❤ ❛t♠♦s♣❤❡r❡ ❛♥❞ ❝❛♥♦♣✐❡s ✐♥ t❤❡ ✇❛✈❡❧❡♥❣t❤ r❛♥❣❡ 0.3✕
120 ➭m✳ ❚❤❡ ❣❡♥❡r❛❧ s❡tt✐♥❣s ❛♥❞ ❛❧❧ ♠♦❞❡❧ ✐♥♣✉ts ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✸✳✶✳
❲❡ ♣❛r❛♠❡t❡r✐s❡❞ t❤❡ r❡✢❡❝t❛♥❝❡ ♦❢ s♦✐❧ ❛♥❞ ✉♥❞❡rst♦r② ❜❡❧♦✇ t❤❡ s❤r✉❜ ❧❛②❡r ✇✐t❤
t❤❡ ♠❡❛♥ r❡✢❡❝t❛♥❝❡ s♣❡❝tr❛ ♦❢ t❤❡ r❡♠♦✈❛❧ s✉❜♣❧♦t ♠❡❛s✉r❡♠❡♥ts ❛❢t❡r t❤❡ tr❡❛t✲
♠❡♥t ✭❋✐❣✉r❡ ✸✳✷✮✳ ❚❤✐s ❜❛❝❦❣r♦✉♥❞ r❡✢❡❝t❛♥❝❡ ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❧❛♠❜❡rt✐❛♥ ❛♥❞
t❤❡ tr❛♥s♠✐tt❛♥❝❡ ♦❢ t❤❡ ❜❛❝❦❣r♦✉♥❞ ✇❛s s❡t t♦ ③❡r♦✳
❲❡ ✉s❡❞ t✇♦ r❡♣r❡s❡♥t❛t✐♦♥s ♦❢ s❤r✉❜ ❝❛♥♦♣②✱ ✈♦①❡❧s ✜❧❧❡❞ ✇✐t❤ t✉r❜✐❞ ♠❡❞✐✉♠ ❛♥❞
♦❜❥❡❝ts ❝♦♠♣♦s❡❞ ♦❢ s♠❛❧❧ tr✐❛♥❣✉❧❛r s✉r❢❛❝❡s✳ ❚✉r❜✐❞ ♠❡❞✐✉♠ ❝❛❧❝✉❧❛t✐♦♥s r❡q✉✐r❡
✐♥♣✉ts ♦♥ ✈❡❣❡t❛t✐♦♥ ❤❡✐❣❤t ❛♥❞ ❧❡❛❢ ❛♥❣❧❡s ✭❚❛❜❧❡ ✸✳✶✮✳ ■♥ t❤❡ s✐♠✉❧❛t✐♦♥s ✇✐t❤
♦❜❥❡❝ts✱ ❧❡❛✈❡s ✇❡r❡ ❛rr❛♥❣❡❞ ♦♥ t❤❡ ❜r❛♥❝❤❡s ❛s ♦❜s❡r✈❡❞ ♦♥ ❛ s❛♠♣❧❡ ❜r❛♥❝❤✳ ❆❧❧
❜r❛♥❝❤❡s ✇❡r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s❝❡♥❡ ❛t r❛♥❞♦♠❧② ❣❡♥❡r❛t❡❞ ❛③✐♠✉t❤ ❛♥❞ ❡❧❡✈❛t✐♦♥
❛♥❣❧❡s ❛♥❞ ♣♦s✐t✐♦♥s✳ ❙✐① ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s ✭❋✐❣✉r❡ ✸✳✸✮ ✇❡r❡ t❡st❡❞✿
■ ❚✉r❜✐❞ ❝❡❧❧s ✇✐t❤ t❤❡ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❧❡❛✈❡s
■■ ❚✇♦ ❝❧❛ss❡s ♦❢ t✉r❜✐❞ ❝❡❧❧s ✇✐t❤ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❧❡❛✈❡s ♦r ❜r❛♥❝❤❡s
■■■ ❇r❛♥❝❤❡s ❛s ✐❞❡❛❧✐s❡❞ ✈❡rt✐❝❛❧ ❝♦♥❡s ✭❵st❡♠s✬✮ ❛♥❞ t✉r❜✐❞ ❝❡❧❧s ✇✐t❤ ❧❡❛❢ ♦♣t✐❝❛❧
♣r♦♣❡rt✐❡s
■❱ ❇r❛♥❝❤❡s ❛s tr✐❛♥❣✉❧❛t❡❞ ♦❜❥❡❝ts ❛♥❞ t✉r❜✐❞ ❝❡❧❧s ✇✐t❤ ❧❡❛❢ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s
❱ ❇r❛♥❝❤❡s ❛♥❞ ❧❡❛✈❡s ❛s tr✐❛♥❣✉❧❛t❡❞ ♦❜❥❡❝ts
❱■ ❖♥❧② ❧❡❛✈❡s ❛s tr✐❛♥❣✉❧❛t❡❞ ♦❜❥❡❝ts
❋♦r ❛❧❧ ❝♦♠♣❧❡①✐t✐❡s ✇❡ ✈❛r✐❡❞ P❆■ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✹ ✐♥ st❡♣s ♦❢ ✵✳✹✳ ❲❡ ✉s❡❞
❛♥ ❡q✉❛❧ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s ❛ss✉♠✐♥❣ LAI = BAI = PAI/2✱ ✇❤✐❝❤
❛❣r❡❡s ✇❡❧❧ ✇✐t❤ t❤❡ ♣♦✐♥t✲q✉❛❞r❛t ♠❡❛s✉r❡♠❡♥ts ♦♥ ❝♦♥tr♦❧ s✉❜♣❧♦ts ✭❋✐❣✉r❡ ✸✳✹
✹✾
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
■ ■■ ■■■
■❱ ❱ ❱■
❋✐❣✉r❡ ✸✳✸✿ ❱✐s✉❛❧✐s❛t✐♦♥ ♦❢ t❤❡ s✐① ❉❆❘❚ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s✱ ❡❛❝❤ s❤♦✇♥ ❢♦r
LAI = BAI = 0.2❀ ■■■ ❛♥❞ ■❱ ❛❞❞✐t✐♦♥❛❧❧② ❝♦♥t❛✐♥ ❧❡❛✈❡s ❛s t✉r❜✐❞ ♠❡❞✐✉♠ ✇❤✐❝❤
✇♦✉❧❞ ♦❜str✉❝t t❤❡ ❜r❛♥❝❤❡s ✐♥ t❤❡ ✈✐s✉❛❧✐s❛t✐♦♥✳
❛✱ ❜❀ ❚❛❜❧❡ ✸✳✷✮✳ ❋♦r t❤❡ ❝♦♠♣❧❡①✐t✐❡s ✇❤✐❝❤ ✐♥❝❧✉❞❡ ❜r❛♥❝❤❡s✱ ✇❡ ❛❞❞✐t✐♦♥❛❧❧② s✐♠✲
✉❧❛t❡❞ t❤❡ s❝❡♥❡ ✇✐t❤ ❛ ❝♦♥st❛♥t P❆■ ♦❢ ✷ ❛♥❞ ❞✐✛❡r❡♥t ❝♦♥tr✐❜✉t✐♦♥s ♦❢ ❧❡❛✈❡s ❛♥❞
❜r❛♥❝❤❡s ✭▲❆■ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✷ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ ❇❆■ ❜❡t✇❡❡♥ ✷ ❛♥❞ ✵ ✐♥ st❡♣s ♦❢
✵✳✷✮✳
❋♦r ♠♦❞❡❧ ✈❛❧✐❞❛t✐♦♥ ✇❡ ✉s❡❞ ❢♦✉r ♦✉t♣✉ts ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞ t♦ ♦✉r ✜❡❧❞ ❞❛t❛✱
tP❆❘✱ ♥❛❞✐r s♣❡❝tr❛❧ ✭Rnadir✱ ❊q✉❛t✐♦♥ ✸✳✷✮ ❛♥❞ ❜r♦❛❞❜❛♥❞ ✭Rbnadir✱ ❊q✉❛t✐♦♥ ✸✳✸✮
r❡✢❡❝t❛♥❝❡✱ ❛♥❞ ◆❉❱■ ✭❊q✉❛t✐♦♥ ✸✳✹✮✳ ❋✉rt❤❡r ♠♦❞❡❧ ♦✉t♣✉ts t❤❛t ❝❛♥♥♦t ❜❡ ✈❛❧✐✲
❞❛t❡❞ ✇✐t❤ ♦✉r ✜❡❧❞ ❞❛t❛ ❛r❡ ♦t❤❡r ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✸❉ r❛❞✐❛t✐✈❡ ❜✉❞❣❡t ✐♥❝❧✉❞✐♥❣
t❤❡ ❢r❛❝t✐♦♥ ♦❢ tr❛♥s♠✐tt❡❞✱ ❛❜s♦r❜❡❞✱ ❛♥❞ r❡✢❡❝t❡❞ r❛❞✐❛t✐♦♥ ❛♥❞ t❤❡ r❡✢❡❝t❛♥❝❡ ✐♥
❞✐r❡❝t✐♦♥s ♦t❤❡r t❤❛♥ ♥❛❞✐r✳
✸✳✸ ❘❡s✉❧ts
✸✳✸✳✶ ❚r❡❛t♠❡♥t ❡✛❡❝ts ♦♥ t❤❡ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣②
❲❡ ❛ss❡ss❡❞ t❤❡ tr❡❛t♠❡♥t ❡✛❡❝t ❜② t❡st✐♥❣ ▲❆■✱ ❇❆■✱ tP❆❘✱ Rbnadir✱ ❛♥❞ ◆❉❱■
❢♦r ♣r❡✲tr❡❛t♠❡♥t ❜✐❛s❡s ✭❋✐❣✉r❡ ✸✳✹✮✳ ❇❡❢♦r❡ tr❡❛t♠❡♥t ♥♦♥❡ ♦❢ t❤❡ ✜✈❡ ✈❛r✐❛❜❧❡s
✇❛s s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ❜❡t✇❡❡♥ ❡✐t❤❡r ❞❡♥s✐t② ♦r ❤❡✐❣❤t s✉❜♣❧♦ts ❛♥❞ ❝♦♥tr♦❧
s✉❜♣❧♦ts✳ ❆❢t❡r t❤❡ tr❡❛t♠❡♥t ▲❆■✱ tP❆❘✱ ❛♥❞ ◆❉❱■ ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ♦♥
❜♦t❤ ❞❡♥s✐t② ❛♥❞ ❤❡✐❣❤t s✉❜♣❧♦ts ❛s ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ s✉❜♣❧♦ts ✭❋✐❣✉r❡ ✸✳✹✮✳ ❚❤❡
P✲✈❛❧✉❡s ♦❢ ❇❆■ ❛♥❞ Rbnadir ✇❡r❡ s♠❛❧❧❡r ❛❢t❡r tr❡❛t♠❡♥t t❤❛♥ ❜❡❢♦r❡ tr❡❛t♠❡♥t✱
✺✵
❤♦✇❡✈❡r✱ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ tr❡❛t♠❡♥t s✉❜♣❧♦ts ❛♥❞ ❝♦♥tr♦❧ s✉❜♣❧♦ts ✇❡r❡ ♥♦t
st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ✭❋✐❣✉r❡ ✸✳✹✮✳ ■♥ ❛❧❧ ❝❛s❡s t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ s✉❜♣❧♦ts ✇❛s ♥♦t
s✐❣♥✐✜❝❛♥t ✭P > 0.01✱ ✈❛❧✉❡s ♥♦t s❤♦✇♥✮✳
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❈♦♥tr♦❧ tr❡❛t♠❡♥t
❉❡♥s✐t② tr❡❛t♠❡♥t
❍❡✐❣❤t tr❡❛t♠❡♥t
❘❡♠♦✈❛❧ tr❡❛t♠❡♥t
❋✐❣✉r❡ ✸✳✹✿ ❊✛❡❝t ♦❢ tr❡❛t♠❡♥t ❛♥❞ ✈❛r✐❛t✐♦♥ ✇✐t❤ t✐♠❡ ♦❢ ▲❆■ ✭❛✮✱ ❇❆■ ✭❜✮✱ tP❆❘ ✭❝✮✱
Rbnadir ✭❞✮✱ ❛♥❞ ◆❉❱■ ✭❡✮❀ t❤❡ ❝❡♥tr❛❧ ♠❛r❦ ♦❢ t❤❡ ❜♦①❡s ✐s t❤❡ ♠❡❞✐❛♥ ♦❢ ✜✈❡ r❡♣❧✐✲
❝❛t❡ ♣❧♦ts✱ t❤❡ ❡❞❣❡s ❛r❡ t❤❡ ✷✺t❤ ❛♥❞ ✼✺t❤ ♣❡r❝❡♥t✐❧❡s✱ ❛♥❞ t❤❡ ✇❤✐s❦❡rs ❞❡♥♦t❡ t❤❡
♠♦st ❡①tr❡♠❡ ✈❛❧✉❡s❀ s✐❣♥✐✜❝❛♥❝❡ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❝♦♥tr♦❧ ❛♥❞ ♦t❤❡r tr❡❛t✲
♠❡♥t s✉❜♣❧♦ts ❢♦r ❡❛❝❤ t✐♠❡ st❡♣✿ p < 0.001 :⋆⋆⋆, p < 0.01 :⋆⋆, p < 0.05 :⋆❀ ♠❡❛s✉r❡♠❡♥t
❞❛t❡s ✐♥ ❚❛❜❧❡ ✸✳✶✳
❚❤❡ ♠❛❣♥✐t✉❞❡ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❝❤❛♥❣❡ ✐♥❞✉❝❡❞ ❜② t❤❡ tr❡❛t♠❡♥ts ✐s s❤♦✇♥
✐♥ ❚❛❜❧❡ ✸✳✷✳ ❆s ❝♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞✱ tP❆❘ ✐♥❝r❡❛s❡❞ ♦♥ ❞❡♥s✐t② ❛♥❞ ❤❡✐❣❤t s✉❜♣❧♦ts
❞✉❡ t♦ ❜✐♦♠❛ss r❡♠♦✈❛❧✳ ❇r♦❛❞❜❛♥❞ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ✭Rbnadir✮ ✇❛s ❧♦✇❡r ♦♥ ❞❡♥s✐t②
❛♥❞ ❤❡✐❣❤t s✉❜♣❧♦ts ❛s ❝♦♠♣❛r❡❞ t♦ ❝♦♥tr♦❧ s✉❜♣❧♦ts ✇❤✐❧❡ t❤❡ t♦t❛❧ s❤r✉❜ r❡♠♦✈❛❧
✐♥❝r❡❛s❡❞ t❤❡ r❡✢❡❝t❛♥❝❡✳ ■♥ ❣❡♥❡r❛❧✱ r❡✢❡❝t❛♥❝❡ s❤♦✇❡❞ s♠❛❧❧ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥
t❤❡ tr❡❛t♠❡♥ts ❛♥❞ ♦✈❡r t✐♠❡✳ ❚❤✐s ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ t❤❡ ✇❡❛❦ ❝♦rr❡❧❛t✐♦♥ ❜❡✲
✺✶
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
❚❛❜❧❡ ✸✳✷✿ P♦st✲tr❡❛t♠❡♥t ♠❡❛s✉r❡♠❡♥ts✿ ♠❡❛♥ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ✜✈❡ r❡♣❧✐❝❛t❡
♣❧♦ts ❛♥❞ ♠❡❛♥ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ tr❡❛t♠❡♥t ❛♥❞ ❝♦♥tr♦❧ s✉❜♣❧♦ts ✐♥ ♣❡r❝❡♥t ♦❢ t❤❡
❝♦♥tr♦❧ ♠❡❛s✉r❡♠❡♥t❀ ♥❡❣❛t✐✈❡ ✈❛❧✉❡s s❤♦✇ ❛ r❡❞✉❝t✐♦♥ ❞✉❡ t♦ t❤❡ tr❡❛t♠❡♥t✱ ♣♦s✐t✐✈❡
✈❛❧✉❡s ❛♥ ✐♥❝r❡❛s❡✳
❈♦♥tr♦❧ ❉❡♥s✐t② ❍❡✐❣❤t ❘❡♠♦✈❛❧
❱❛❧✉❡ ❱❛❧✉❡ ❉✐❢✳ ❱❛❧✉❡ ❉✐❢✳ ❱❛❧✉❡ ❉✐❢✳
✭✪✮ ✭✪✮ ✭✪✮
❋r❡s❤ ❜✐♦♠❛ss ✭kgm−2✮ ✶✳✺✹± ✵✳✸✸ ✶✳✵✾± ✵✳✷✽ ✲✷✽✳✾ ✶✳✸✻± ✵✳✸✶ ✲✶✶✳✹ ✲
❈❛♥♦♣② ❤❡✐❣❤t ✭❝♠✮ ✷✸✳✸± ✷✳✸ ✷✵✳✾± ✸✳✼ ✲✶✵✳✹ ✶✻✳✻± ✶✳✵ ✲✷✽✳✼ ✲
❇r❛♥❝❤❡s ♣❡r m2 ✶✵✼± ✶✹ ✼✷± ✶✶ ✲✸✷✳✸ ✶✶✾± ✷✵ ✶✶✳✺ ✲
▲❆■ ✶✳✵✸± ✵✳✶✶ ✵✳✺✼± ✵✳✶✺ ✲✹✹✳✷ ✵✳✺✽± ✵✳✶✼ ✲✹✸✳✼ ✲
❇❆■ ✶✳✵✾± ✵✳✷✵ ✵✳✾✵± ✵✳✶✵ ✲✶✼✳✶ ✵✳✾✾± ✵✳✶✺ ✲✽✳✺ ✲
tP❆❘ ✵✳✷✼± ✵✳✵✹ ✵✳✹✺± ✵✳✵✹ ✻✼✳✼ ✵✳✸✾± ✵✳✵✺ ✹✹✳✹ ✲
Rbnadir ✵✳✶✹± ✵✳✵✶ ✵✳✶✷± ✵✳✵✷ ✲✶✶✳✸ ✵✳✶✷± ✵✳✵✶ ✲✾✳✽ ✵✳✶✻± ✵✳✵✷ ✷✵✳✽
◆❉❱■ ✵✳✼✾± ✵✳✵✸ ✵✳✼✶± ✵✳✵✶ ✲✾✳✾ ✵✳✼✷± ✵✳✵✷ ✲✽✳✽ ✵✳✺✻± ✵✳✵✻ ✲✷✾✳✹
t✇❡❡♥ t❤❡ r❡✢❡❝t❛♥❝❡ ❛♥❞ ▲❆■✱ ❇❆■ ♦r P❆■ ✐♥ t❤❡ r❛♥❣❡ ♦❢ 1 < PAI < 3 ✭❚❛❜❧❡ ✸✳✸✮✳
❚❤❡ ❜✐♦♠❛ss r❡♠♦✈❛❧ ❧❡❞ t♦ r❡❞✉❝❡❞ ◆❉❱■ ✈❛❧✉❡s ✭❚❛❜❧❡ ✸✳✷✮✳ ❲❡ ♦❜s❡r✈❡❞ ❛ ♥♦✲
t❛❜❧❡ ✐♥❝r❡❛s❡ ♦✈❡r t✐♠❡ ✐♥ ▲❆■ ❛♥❞ ◆❉❱■ ♦♥ ❝♦♥tr♦❧ s✉❜♣❧♦ts ❜❡t✇❡❡♥ t❤❡ ♣r❡✲
❛♥❞ ♣♦st✲tr❡❛t♠❡♥t ♠❡❛s✉r❡♠❡♥ts✱ ✐♥❞✐❝❛t✐♥❣ ✈❡❣❡t❛t✐♦♥ ❞❡✈❡❧♦♣♠❡♥t ✭❋✐❣✉r❡ ✸✳✹✱
❛✱ ❡✮✳ ❚❤❡ tr❡❛t♠❡♥t ❛❧s♦ ❝❤❛♥❣❡❞ t❤❡ ❧❡❛❢ t♦ ❜r❛♥❝❤ r❛t✐♦ ♦❢ t❤❡ s❤r✉❜ ✈❡❣❡t❛t✐♦♥✳
❲❤✐❧❡ ▲❆■✴❇❆■ ✐♥❝r❡❛s❡❞ str♦♥❣❧② ♦✈❡r t✐♠❡ ✐♥ t❤❡ ❝♦♥tr♦❧ s✉❜♣❧♦ts✱ t❤❡ tr❡❛t♠❡♥t
s✉❜♣❧♦ts ♦♥❧② s❤♦✇❡❞ ❛♥ ✐♥❝r❡❛s❡ ♦✈❡r t✐♠❡ ❜❡t✇❡❡♥ t❤❡ ❧❛st t✇♦ ♠❡❛s✉r❡♠❡♥ts ❛♥❞
t❤❡ r❛t✐♦s ✇❡r❡ ❣❡♥❡r❛❧❧② ❧♦✇❡r✱ ❡s♣❡❝✐❛❧❧② ❢♦r t❤❡ ❤❡✐❣❤t tr❡❛t♠❡♥t✳
✸✳✸✳✷ tP❆❘ ✲ ❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts
❚❤❡ ❛♠♦✉♥t ♦❢ tr❛♥s♠✐tt❡❞ r❛❞✐❛t✐♦♥ ❜❡❧♦✇ t❤❡ ❝❛♥♦♣② ✭tP❆❘✮ ❞❡❝r❡❛s❡s ✇✐t❤ ✐♥✲
❝r❡❛s✐♥❣ ♣❧❛♥t ❛r❡❛ ✭❋✐❣✉r❡ ✸✳✺✱ ❛✮✳ ❚❤❡ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ❜❡t✇❡❡♥ ♠❡❛s✉r❡❞
tP❆❘ ❛♥❞ P❆■ ✐s ✲✵✳✼✾✱ ✇❤✐❝❤ ✐s str♦♥❣❡r t❤❛♥ t❤❡ ❝♦rr❡❧❛t✐♦♥ ♦❢ tP❆❘ ✇✐t❤ ▲❆■
♦r ❇❆■ ✭✲✵✳✻✺ ❛♥❞ ✲✵✳✻✷✱ r❡s♣❡❝t✐✈❡❧②❀ ❚❛❜❧❡ ✸✳✸✮✳ ❚❤✉s ❢♦r tP❆❘ ❜♦t❤ ❧❡❛✈❡s ❛♥❞
❜r❛♥❝❤❡s ❤❛✈❡ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞✳
❚❛❜❧❡ ✸✳✸✿ P❡❛rs♦♥✬s ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥ts ♦❢ ▲❆■✱ ❇❆■✱ ❛♥❞ P❆■ ✇✐t❤ tP❆❘✱ ♥❛❞✐r
❜r♦❛❞❜❛♥❞ r❡✢❡❝t❛♥❝❡ ✭Rbnadir✮✱ ❛♥❞ ◆❉❱■ ❢♦r ❛❧❧ ♠❡❛s✉r❡♠❡♥ts ❡①❝❡♣t r❡♠♦✈❛❧ s✉❜✲
♣❧♦ts✳
tP❆❘ Rbnadir ◆❉❱■
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▼❡❛s✉r❡❞✿ ▲❆■✴❇❆■<✵✳✽ ■■✿ ❚✉r❜✐❞ ❧✳ ✰ t✉r❜✐❞ ❜r❛♥❝❤❡s
▼❡❛s✉r❡❞✿ ✵✳✽≤▲❆■✴❇❆■<✶✳✷ ■■■✿ ❚✉r❜✐❞ ❧✳ ✰ st❡♠s
▼❡❛s✉r❡❞✿ ▲❆■✴❇❆■≥ 1.2 ■❱✿ ❚✉r❜✐❞ ❧✳ ✰ ♦❜❥❡❝t ❜r❛♥❝❤❡s
✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❱✿ ❖❜❥❡❝t ❧✳ ✰ ♦❜❥❡❝t ❜r❛♥❝❤❡s
■✿ ❚✉r❜✐❞ ❧❡❛✈❡s ❱■✿ ❖❜❥❡❝t ❧❡❛✈❡s
❋✐❣✉r❡ ✸✳✺✿ tP❆❘ ✭t♦♣ r♦✇✮✱ Rbnadir ✭♠✐❞❞❧❡ r♦✇✮✱ ❛♥❞ ◆❉❱■ ✭❜♦tt♦♠ r♦✇✮ ✇✐t❤ ♠♦❞✲
❡❧❧❡❞ ❞❛t❛ ✉s✐♥❣ LAI = BAI ❛♥❞ ♠❡❛s✉r❡❞ ❞❛t❛ ❢r♦♠ ❛❧❧ s✉❜♣❧♦ts ✭❧❡❢t ❝♦❧✉♠♥✮ ❛♥❞
✇✐t❤ ♠♦❞❡❧❧❡❞ ❞❛t❛ ✉s✐♥❣ ❞✐✛❡r❡♥t ❧❡❛❢ t♦ ❜r❛♥❝❤ r❛t✐♦s ✇✐t❤ PAI = 2 ✭r✐❣❤t ❝♦❧✲
✉♠♥✮❀ t❤❡ ❞✐✛❡r❡♥t s②♠❜♦❧s ♦❢ ♠❡❛s✉r❡❞ ❞❛t❛ s❤♦✇ t❤r❡❡ ❝❛t❡❣♦r✐❡s ♦❢ ♦❜s❡r✈❡❞ ❧❡❛❢
✴ ❜r❛♥❝❤ r❛t✐♦s❀ t❤❡ ❣r❡② ❛r❡❛ ✐s t❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ❛r♦✉♥❞ ❛ ❧✐♥❡❛r r❡❣r❡s✲
s✐♦♥s ♦❢ t❤❡ ❞❛t❛❀ t❤❡ ✈❡rt✐❝❛❧ ❞❛s❤❡❞ ❧✐♥❡s ♠❛r❦ t❤❡ ✐♥♣✉t ♣❛r❛♠❡t❡r s❡t s❤♦✇♥ ✐♥ ❛❧❧
s✉❜♣❧♦ts✳
✺✸
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
❆❧❧ ♠♦❞❡❧ s✐♠✉❧❛t✐♦♥s r❡♣r♦❞✉❝❡ t❤❡ ♦❜s❡r✈❡❞ ❞❡❝r❡❛s❡ ♦❢ tP❆❘ ✇✐t❤ P❆■ ✭❋✐❣✲
✉r❡ ✸✳✺✱ ❛✮✳ ❍♦✇❡✈❡r✱ ❛❧❧ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s ❛❧s♦ ✉♥❞❡r❡st✐♠❛t❡ tP❆❘✱ ❡s♣❡❝✐❛❧❧②
t❤♦s❡ ✇❤✐❝❤ ✐♥❝❧✉❞❡ ♦❜❥❡❝t ❜r❛♥❝❤❡s ♦r st❡♠s✱ ✇❤✐❝❤ s✐♠✉❧❛t❡ ✈❛❧✉❡s ♦✉ts✐❞❡ ♦❢ t❤❡
✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ♦❢ t❤❡ ❞❛t❛ ✭■■■✲❱✱ ❋✐❣✉r❡ ✸✳✺✱ ❛✮✳ ❋♦r t❤❡ t✉r❜✐❞ ♠❡❞✐✉♠
❛♣♣r♦❛❝❤ t❤❡ ♠❡❞✐✉♠ ❝❧❛ss✐✜❝❛t✐♦♥ ❤❛s ❛ ♥❡❣❧✐❣✐❜❧❡ ✐♥✢✉❡♥❝❡ ♦♥ tP❆❘ ❛s t❤❡ r❡✲
✢❡❝t❛♥❝❡ ♦❢ ❜r❛♥❝❤❡s ❛♥❞ ❧❡❛✈❡s ✐s s✐♠✐❧❛r ✐♥ t❤❡ ✈✐s✐❜❧❡ r❛♥❣❡ ❛♥❞ ❧❡❛❢ tr❛♥s♠✐tt❛♥❝❡
✐s ♦♥❧② ✼✳✼✪✳
❚❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s ✐♥✢✉❡♥❝❡s tP❆❘ ❧❡ss t❤❛♥ t♦t❛❧ P❆■ ✭❋✐❣✲
✉r❡ ✸✳✺✱ ❜✮✳ ❋♦r ■■ ✭t✉r❜✐❞ ❧❡❛✈❡s ❛♥❞ t✉r❜✐❞ ❜r❛♥❝❤❡s✮✱ tP❆❘ ✐s ❛❧♠♦st ✐❞❡♥t✐❝❛❧ ❢♦r
❛❧❧ r❛t✐♦s ❜❡t✇❡❡♥ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s✱ ✇❤❡r❡❛s ❛❧❧ ♦t❤❡r ❝♦♠♣❧❡①✐t✐❡s s❤♦✇ ❜❡t✇❡❡♥
✷✳✸ ❛♥❞ ✸✳✸ t✐♠❡s ❤✐❣❤❡r tP❆❘ ❢♦r s✐♠✉❧❛t✐♦♥s ✇✐t❤ ♦♥❧② ❧❡❛✈❡s ❛s ❝♦♠♣❛r❡❞ t♦ ♦♥❧②
❜r❛♥❝❤❡s ✭❋✐❣✉r❡ ✸✳✺✱ ❜✮✳
✸✳✸✳✸ ❘❡✢❡❝t❛♥❝❡ ✲ ❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts
❚❤❡ ♠❡❛s✉r❡❞ ❜r♦❛❞❜❛♥❞ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ✈❛r✐❡s ♦♥❧② s❧✐❣❤t❧② ❜❡t✇❡❡♥ ✵✳✶ ❛♥❞ ✵✳✶✺
✭❋✐❣✉r❡ ✸✳✹✱ ❞✮ ❛♥❞ ✐s ✇❡❛❦❧② r❡❧❛t❡❞ t♦ P❆■ ✭❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✶✾✱ ❚❛❜❧❡ ✸✳✸✮✳
❚❤❡ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ ▲❆■ ✐s ✵✳✸✼✱ s❧✐❣❤t❧② str♦♥❣❡r✳ ❚❤✉s ✇❡ ♦❜s❡r✈❡ t❤❛t t❤❡ ❛♠♦✉♥t
♦❢ ♣❧❛♥t ♠❛t❡r✐❛❧ ❞♦❡s ♥♦t ❤❛✈❡ ❛ str♦♥❣ ❡✛❡❝t ♦♥ r❡✢❡❝t❛♥❝❡ ❛♥❞ ♣♦ss✐❜❧② ❤❛s ❛ ✇❡❛❦
♣♦s✐t✐✈❡ ❡✛❡❝t ✐♥ t❤❡ r❛♥❣❡ ♦❢ 1✕3PAI✳
❯♥❧✐❦❡ ✇✐t❤ tP❆❘✱ t❤❡ s✐♠✉❧❛t✐♦♥ ❝♦♠♣❧❡①✐t✐❡s r❡✈❡❛❧ s✉❜st❛♥t✐❛❧ ❞✐✛❡r❡♥❝❡s ✐♥
t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ P❆■ ❛♥❞ r❡✢❡❝t❛♥❝❡✳ ■ ❛♥❞ ❱■✱ ✇❤✐❝❤ ♦♥❧② ❝♦♥s✐❞❡r ❧❡❛✈❡s✱
❝❧❡❛r❧② ♦✈❡r❡st✐♠❛t❡ t❤❡ r❡✢❡❝t❛♥❝❡ ✇❤✐❝❤ ✐♥ s✐♠✉❧❛t✐♦♥s ✐♥❝r❡❛s❡s str♦♥❣❧② ✇✐t❤
P❆■ ✭❋✐❣✉r❡ ✸✳✺✱ ❝✮✳ ❲✐t❤♦✉t ❜r❛♥❝❤❡s t❤❡ s✐♠✉❧❛t❡❞ r❡✢❡❝t❛♥❝❡ ✐s ❤✐❣❤❡r t❤❛♥
t❤❡ ❜❛❝❦❣r♦✉♥❞ r❡✢❡❝t❛♥❝❡ ✭s❤♦✇♥ ❛t PAI = 0✮✱ ❞✉❡ ✐♥ ♣❛rt t♦ t❤❡ r❡❧❛t✐✈❡❧② ❞❛r❦
❜❛❝❦❣r♦✉♥❞✳
❚❤❡ s✐♠✉❧❛t✐♦♥ ✇✐t❤ st❡♠s ✭■■■✮ ✉♥❞❡r❡st✐♠❛t❡s t❤❡ ❛♠♦✉♥t ♦❢ r❡✢❡❝t❡❞ s♦❧❛r
r❛❞✐❛t✐♦♥✱ ❛s r❡s✉❧ts s❤♦✇ ❛ str♦♥❣ ❞❡❝❧✐♥❡ ✐♥ r❡✢❡❝t❛♥❝❡ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ♠♦❞❡❧❧❡❞
P❆■ ✭❋✐❣✉r❡ ✸✳✺✱ ❝✮✳ ❆♣♣❛r❡♥t❧② t❤❡ ✈❡rt✐❝❛❧ ♦r✐❡♥t❛t✐♦♥ ♦❢ t❤❡ st❡♠s ✐s ♥♦t ❛ ❣♦♦❞
❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ ❞✇❛r❢ ❜✐r❝❤ s❤r✉❜s ❛♥❞ t❤❡ ❡✛❡❝t ♦❢ s❤❛❞✐♥❣ ✐s ♦✈❡r❡st✐♠❛t❡❞✳
❚❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ s✐♠✉❧❛t✐♦♥s ✇❤✐❝❤ ✐♥❝❧✉❞❡ t✉r❜✐❞ ♦r ♦❜❥❡❝t ❜r❛♥❝❤❡s ✭■■✱
■❱✱ ❛♥❞ ❱✮ ❛r❡ ❧❡ss ♣r♦♥♦✉♥❝❡❞ ❛♥❞ t❤❡ ♠♦❞❡❧❧❡❞ r❡✢❡❝t❛♥❝❡ ✐s ✇✐t❤✐♥ t❤❡ ✾✺✪
❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧ ♦❢ ♠❡❛s✉r❡❞ ❞❛t❛✳ ❈♦♠♣❧❡①✐t✐❡s ■■✱ ■❱✱ ❛♥❞ ❱ s❤♦✇ ✈❡r② ❧✐tt❧❡
✈❛r✐❛t✐♦♥ ✐♥ r❡✢❡❝t❛♥❝❡ ✇❤❡♥ P❆■ ✐s ✐♥ t❤❡ r❛♥❣❡ ♦❢ 1✕3PAI✳ ❚❤✐s ♠♦❞❡❧ r❡s✉❧t
❛❣r❡❡s ✇❡❧❧ ✇✐t❤ ♦✉r ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✳ ■❢ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s ❛r❡ s✐♠✉❧❛t❡❞ ❛s
t✉r❜✐❞ ♠❡❞✐❛✱ t❤❡ r❡✢❡❝t❛♥❝❡ ❞❡❝r❡❛s❡s s❧✐❣❤t❧② ✇✐t❤ ✐♥❝r❡❛s✐♥❣ P❆■✱ ❛ tr❡♥❞ ♦❜s❡r✈❡❞
❛❝r♦ss t❤❡ ✇❤♦❧❡ r❛♥❣❡ ✭1✕3PAI✮✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ✇✐t❤ t✉r❜✐❞ ❧❡❛✈❡s ❛♥❞ ♦❜❥❡❝t
❜r❛♥❝❤❡s ✭■❱✮ ❛♥❞ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s ❛s ♦❜❥❡❝ts ✭❱✮ s❤♦✇ ❛ ♠✐♥✐♠✉♠ r❡✢❡❝t❛♥❝❡
❛t PAI = 1.6 ❛♥❞ PAI = 2✱ r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ ❛♥ ✐♥❝r❡❛s❡ ✐♥ r❡✢❡❝t❛♥❝❡ ❢♦r ❞❡♥s❡r
❝❛♥♦♣✐❡s ✭❋✐❣✉r❡ ✸✳✺✱ ❝✮✳ ❆ ❤✐❣❤❡r ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❧❡❛✈❡s t♦ t❤❡ P❆■ ✐♥❝r❡❛s❡s t❤❡
✺✹
❜r♦❛❞❜❛♥❞ r❡✢❡❝t❛♥❝❡ ❢♦r ❛❧❧ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s ✭❋✐❣✉r❡ ✸✳✺✱ ❞✮✳ ■♥ ❣❡♥❡r❛❧ t❤❡ r❛t✐♦
❜❡t✇❡❡♥ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s ❤❛s ❛ str♦♥❣❡r ❡✛❡❝t ♦♥ t❤❡ ♠♦❞❡❧❧❡❞ r❡✢❡❝t❛♥❝❡ t❤❛♥
t❤❡ t♦t❛❧ P❆■ ✇✐t❤ LAI = BAI✳
❆♣❛rt ❢r♦♠ ❜r♦❛❞❜❛♥❞ ♥❛❞✐r r❡✢❡❝t❛♥❝❡✱ ✇❡ ❛❧s♦ ✉s❡❞ t❤❡ s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡ ❢♦r
♠♦❞❡❧ ✈❛❧✐❞❛t✐♦♥ ✭❋✐❣✉r❡ ✸✳✻✮✳ ❚✇♦ ❞✐✛❡r❡♥t s♣❡❝tr❛❧ r❡❣✐♦♥s ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞✱
t❤❡ ✈✐s✐❜❧❡ ❛♥❞ t❤❡ ♥❡❛r ✐♥❢r❛r❡❞ r❛♥❣❡✳
■♥ t❤❡ ✈✐s✐❜❧❡ r❛♥❣❡ ❛❧❧ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s s❤♦✇ ❞✐✛❡r❡♥t r❡s✉❧ts✱ ❡s♣❡❝✐❛❧❧② ❛t t❤❡
❣r❡❡♥ ♣❡❛❦✳ ❚❤❡ ❣r❡❡♥ ♣❡❛❦ ✭≈550 nm✮ ✐s ❤✐❣❤❡st ✐♥ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s ✇❤✐❝❤ ✐♥✲
❝❧✉❞❡ ♦♥❧② ❧❡❛✈❡s ✭■✱ ❱■✮ ❛♥❞ ❧♦✇❡st ✇✐t❤ t✉r❜✐❞ ❧❡❛✈❡s ❛♥❞ st❡♠s ✭■■■✮ ✭❋✐❣✉r❡ ✸✳✻✱ ❛✮✳
❈♦♠♣❧❡①✐t② ❱ ✭♦❜❥❡❝t ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s✮ ❛❧s♦ ✉♥❞❡r❡st✐♠❛t❡s t❤❡ ❣r❡❡♥ ♣❡❛❦ ✐♥
s✐♠✉❧❛t✐♦♥s ✇✐t❤ LAI = BAI✳ ❚❤❡ ❡✛❡❝t ♦❢ t♦t❛❧ P❆■ ♦♥ r❡✢❡❝t❛♥❝❡ ✐♥ t❤❡ ✈✐s✐❜❧❡ ✐s
s♠❛❧❧ ❢♦r PAI > 0.8 ✭❋✐❣✉r❡ ✸✳✻✱ ❜✮✳ ❍♦✇❡✈❡r✱ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s
✐s ✈❡r② ✐♠♣♦rt❛♥t ❢♦r ❜♦t❤ t❤❡ s❤❛♣❡ ♦❢ t❤❡ r❡✢❡❝t❛♥❝❡ s♣❡❝tr✉♠ ❛♥❞ t❤❡ ❛❜s♦❧✉t❡
✈❛❧✉❡s ✭❋✐❣✉r❡ ✸✳✻✱ ❝✮✳ ❚❤❡ ♠♦r❡ ❧❡❛✈❡s ❛r❡ s✐♠✉❧❛t❡❞ ❝♦♠♣❛r❡❞ t♦ ❜r❛♥❝❤❡s✱ t❤❡
♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ✐s t❤❡ r❡✢❡❝t❛♥❝❡ ♣❡❛❦ ✐♥ t❤❡ ❣r❡❡♥ ❛♥❞ t❤❡ ♠✐♥✐♠✉♠ ✐♥ t❤❡ r❡❞✳
❆❞❞✐t✐♦♥❛❧❧②✱ ♠♦r❡ ❧❡❛✈❡s r❡s✉❧t ✐♥ ❤✐❣❤❡r t♦t❛❧ r❡✢❡❝t❛♥❝❡ ✐♥ t❤❡ ✈✐s✐❜❧❡ r❛♥❣❡✳ ❚❤❡
r❡s✉❧ts ❢♦r LAI > BAI ✜t t❤❡ ♠❡❛s✉r❡❞ ❞❛t❛ ♠✉❝❤ ❜❡tt❡r t❤❛♥ s✐♠✉❧❛t✐♦♥s ✇✐t❤ ❧❡ss
❧❡❛✈❡s✳
■♥ t❤❡ ♥❡❛r ✐♥❢r❛r❡❞ t❤❡ ♠♦❞❡❧s ✇✐t❤ ♦♥❧② ❧❡❛✈❡s ♦✈❡r❡st✐♠❛t❡ t❤❡ r❡✢❡❝t❡❞ r❛✲
❞✐❛t✐♦♥ ❞r❛st✐❝❛❧❧②✳ ❯s✐♥❣ LAI = BAI = 1 t❤❡ ♠♦❞❡❧ ✐♥❝❧✉❞✐♥❣ t❤❡ ✈❡rt✐❝❛❧ st❡♠s
✭■■■✮ ✉♥❞❡r❡st✐♠❛t❡s t❤❡ r❡✢❡❝t❛♥❝❡ ❛♥❞ t❤❡ ♦t❤❡r ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s ❛r❡ ✇✐t❤✐♥ t❤❡
r❛♥❣❡ ♦❢ t❤❡ ❝♦♥tr♦❧ s✉❜♣❧♦t ♠❡❛s✉r❡♠❡♥ts ✭❋✐❣✉r❡ ✸✳✻✱ ❞✮✳ ❆s ✐♥ t❤❡ ✈✐s✐❜❧❡ ♣❛rt ♦❢
t❤❡ s♣❡❝tr✉♠✱ t♦t❛❧ P❆■ ✐s ♠♦st ✐♠♣♦rt❛♥t ❢♦r r❡✢❡❝t❛♥❝❡ ✐♥ t❤❡ ♥❡❛r ✐♥❢r❛r❡❞ ❢♦r
PAI < 0.8 ✭❋✐❣✉r❡ ✸✳✻✱ ❡✮✳ ❚❤❡ ❧❡❛❢ t♦ ❜r❛♥❝❤ r❛t✐♦ str♦♥❣❧② ✐♥✢✉❡♥❝❡s t❤❡ ♠♦❞❡❧❧❡❞
r❡✢❡❝t❛♥❝❡ ✭❋✐❣✉r❡ ✸✳✻✱ ❢✮✱ ❡s♣❡❝✐❛❧❧② t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡s✳
✸✳✸✳✹ ◆❉❱■ ✲ ❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts
❆s ❡①♣❡❝t❡❞✱ ✇❡ ❢♦✉♥❞ ❛ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ◆❉❱■ ❛♥❞ P❆■ ✭❋✐❣✉r❡ ✸✳✺✱ ❡✮✳
❍♦✇❡✈❡r✱ ◆❉❱■ ✐s ♠♦r❡ str♦♥❣❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ ▲❆■ t❤❛♥ P❆■ ❛♥❞ ✐s ♥♦t ❛t ❛❧❧
❝♦rr❡❧❛t❡❞ ✇✐t❤ ❇❆■ ✭❚❛❜❧❡ ✸✳✸✮✳ ■♥ ❣❡♥❡r❛❧ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ◆❉❱■ ❛♥❞ ▲❆■
✐s ♠✉❝❤ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ t❤❛♥ ❜❡t✇❡❡♥ r❡✢❡❝t❛♥❝❡ ❛♥❞ ▲❆■✳ ❖✉r ♠❡❛s✉r❡♠❡♥ts ♦❢
t❤❡ ❜❛❝❦❣r♦✉♥❞ r❡✈❡❛❧ ❛♥ ❛✈❡r❛❣❡ ◆❉❱■ ♦❢ ✵✳✺✻ ✭❋✐❣✉r❡ ✸✳✹✱ ❡✮✱ ✇❤✐❝❤ ❛❣r❡❡s ✇❡❧❧
✇✐t❤ ❝♦♥t❛❝t ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ♠♦ss❡s ❜❡❧♦✇ t❤❡ s❤r✉❜s✳ ❚❤❡ ♠❡❛s✉r❡❞ ◆❉❱■s
♦❢ ❞✇❛r❢ ❜✐r❝❤ ❝❛♥♦♣② r❛♥❣❡ ❜❡t✇❡❡♥ ✵✳✻✶ ❛♥❞ ✵✳✽✷ ❛♥❞ t❤❡ ❧♦✇❡st ◆❉❱■ ✈❛❧✉❡s ✇❡r❡
♠❡❛s✉r❡❞ ♦♥ ♣❧♦ts ✇✐t❤ ❧♦✇❡r ❧❡❛❢ ✴ ❜r❛♥❝❤ r❛t✐♦s ✭❋✐❣✉r❡ ✸✳✺✱ ❡✮✳
❆❧❧ ♠♦❞❡❧ s✐♠✉❧❛t✐♦♥s s❤♦✇ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ◆❉❱■ ✇✐t❤ P❆■✱ ❜✉t t❤❡ ❝♦♠♣❧❡①✐t✐❡s
❞✐✛❡r ✐♥ t❤❡ ♠❛①✐♠✉♠ ◆❉❱■ r❡t✉r♥❡❞ ❢♦r ❧❛r❣❡ P❆■s ✭❋✐❣✉r❡ ✸✳✺✱ ❡✮✳ ❚❤❡ s✐♠✉❧❛t✐♦♥s
✇✐t❤ ♦♥❧② ❧❡❛✈❡s ✭■ ❛♥❞ ❱■✮ ♦✈❡r❡st✐♠❛t❡ ◆❉❱■ str♦♥❣❧②✱ ✇❤✐❧❡ ❛❧❧ s✐♠✉❧❛t✐♦♥s ✇❤✐❝❤
✐♥❝❧✉❞❡ ❜r❛♥❝❤ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ✭■■✱ ■■■✱ ■❱✱ ❛♥❞ ❱✮ s✐♠✉❧❛t❡ ✈❛❧✉❡s ✐♥ t❤❡ r❛♥❣❡
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LAI = BAI = 0
LAI = BAI = 0.4
LAI = BAI = 0.8
LAI = BAI = 1.2
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LAI = BAI = 2.0
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▼❡❛s✉r❡❞
LAI = 0.0; BAI = 2.0
LAI = 0.4; BAI = 1.6
LAI = 0.8; BAI = 1.2
LAI = 1.2; BAI = 0.8
LAI = 1.6; BAI = 0.4
LAI = 2.0; BAI = 0.0
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❋✐❣✉r❡ ✸✳✼✿ ❊♥❡r❣② ❜❛❧❛♥❝❡ ❛s s✐♠✉❧❛t❡❞ ✇✐t❤ ❝♦♠♣❧❡①✐t② ■❱ ✭♦❜❥❡❝t ❜r❛♥❝❤❡s ❛♥❞ t✉r✲
❜✐❞ ❧❡❛✈❡s✮ ✭❛✮ ♠♦❞❡❧❧❡❞ ❞❛t❛ ✉s✐♥❣ LAI = BAI ❛♥❞ ✭❜✮ ♠♦❞❡❧❧❡❞ ❞❛t❛ ✉s✐♥❣ ❞✐✛❡r❡♥t
❧❡❛❢ t♦ ❜r❛♥❝❤ r❛t✐♦s ✇✐t❤ PAI = 2✳
♦❢ t❤❡ ❝♦♥✜❞❡♥❝❡ ✐♥t❡r✈❛❧✳ ❆s ✇❡ ❢♦✉♥❞ ✐♥ t❤❡ ♠♦❞❡❧ r❡s✉❧ts ❢♦r r❡✢❡❝t❛♥❝❡✱ ◆❉❱■
s✐♠✉❧❛t✐♦♥s ❛r❡ ✈❡r② s❡♥s✐t✐✈❡ t♦ t❤❡ r❛t✐♦ ♦❢ ❧❡❛✈❡s t♦ ❜r❛♥❝❤❡s ✭❋✐❣✉r❡ ✸✳✺✱ ❢✮✳
✸✳✸✳✺ ❊♥❡r❣② ❜❛❧❛♥❝❡ ✲ ♠♦❞❡❧ r❡s✉❧ts
❲❡ ✉s❡❞ t❤❡ ❉❆❘❚ ♠♦❞❡❧ ♦✉t♣✉t t♦ ❡st✐♠❛t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❜r❛♥❝❤❡s ❛♥❞ ❧❡❛✈❡s
✐♥ t❤❡ ❡♥❡r❣② ❜❛❧❛♥❝❡✳ ❍❡r❡ ✇❡ ♦♥❧② s❤♦✇ ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts ❢♦r ■❱ ✭♦❜❥❡❝t ❜r❛♥❝❤❡s
❛♥❞ t✉r❜✐❞ ❧❡❛✈❡s✮✱ ❤♦✇❡✈❡r✱ t❤❡ r❡s✉❧ts ❛r❡ ✈❡r② s✐♠✐❧❛r ❢♦r ❱ ✭♦❜❥❡❝t ❜r❛♥❝❤❡s
❛♥❞ ♦❜❥❡❝t ❧❡❛✈❡s✮✳ ❆s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ t❤❡ ❢r❛❝t✐♦♥ ♦❢ r❡✢❡❝t❡❞ ❡♥❡r❣② ✐s ❛❧♠♦st
t❤❡ s❛♠❡ ❢♦r ❞✐✛❡r❡♥t P❆■s ✭❋✐❣✉r❡ ✸✳✼✱ ❛✮✳ ❚❤❡ ❛♠♦✉♥t ♦❢ ❛❜s♦r❜❡❞ r❛❞✐❛t✐♦♥ ❜②
t❤❡ ❜❛❝❦❣r♦✉♥❞ ❞❡❝r❡❛s❡s ♥♦♥✲❧✐♥❡❛r❧② ✇✐t❤ ✐♥❝r❡❛s✐♥❣ P❆■ ❛s ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s
♣r♦✈✐❞❡ ♠♦r❡ ❛♥❞ ♠♦r❡ s❤❛❞✐♥❣✳ ❋♦r LAI = BAI ❜r❛♥❝❤❡s ❝♦♥tr✐❜✉t❡ ❜❡t✇❡❡♥ ✼✶✪
✭❧♦✇ P❆■✮ ❛♥❞ ✺✼✪ ✭❤✐❣❤ P❆■✮ t♦ t❤❡ t♦t❛❧ ❛❜s♦r♣t✐♦♥ ♦❢ t❤❡ ❝❛♥♦♣②✳
❚❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s ❞♦❡s ♥♦t ♦♥❧② ❝❤❛♥❣❡ t❤❡ ♣❛rt✐t✐♦♥✐♥❣
♦❢ ❛❜s♦r❜❡❞ r❛❞✐❛t✐♦♥ ✇✐t❤✐♥ t❤❡ ✈❡❣❡t❛t✐♦♥ ❧❛②❡r✱ ❜✉t ❛❧s♦ t❤❡ ❛♠♦✉♥t ♦❢ ❡♥❡r❣②
❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ✭❋✐❣✉r❡ ✸✳✼✱ ❜✮✳ ❆ ❤✐❣❤❡r ❢r❛❝t✐♦♥ ♦❢ ❧❡❛✈❡s ❧❡❛❞s t♦
❣r❡❛t❡r r❡✢❡❝t✐♦♥ ❛♥❞ ❤✐❣❤❡r ❛❜s♦r♣t✐♦♥ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ❧❛②❡r✳
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✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
✸✳✹ ❉✐s❝✉ss✐♦♥
✸✳✹✳✶ ❋✐❡❧❞ ❞❛t❛
■♥ ♦✉r st✉❞② t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❧❡❛❢ ❛♥❞ ❜r❛♥❝❤ ❛r❡❛ ❝❤❛♥❣❡s ❞✉r✐♥❣ t❤❡ s❡❛s♦♥ ❢r♦♠
✵✳✼✸ ♦♥ ❛✈❡r❛❣❡ ❜❡❢♦r❡ tr❡❛t♠❡♥t t♦ ✶✳✷✷ ❛s t❤❡ ♠❡❛♥ ♦❢ t❤❡ ❝♦♥tr♦❧ s✉❜♣❧♦ts ❛t t❤❡
❧❛st ♠❡❛s✉r❡♠❡♥t ✐♥ ♠✐❞✲❏✉❧②✳ ❚❤❡ ❡❛r❧②✲s❡❛s♦♥ ♠❡❛s✉r❡♠❡♥ts ❝♦rr❡s♣♦♥❞ ✇❡❧❧ t♦
t❤❡ r❛t✐♦ ♦❢ ✵✳✼ ❢♦r t❛❧❧ ❆r❝t✐❝ s❤r✉❜s ♠❡❛s✉r❡❞ ❜② ❚❤♦♠♣s♦♥ ❡t ❛❧✳ ✭✷✵✵✹✮✳ ■t ❤❛s
t♦ ❜❡ ♥♦t❡❞ t❤❛t ♦✉r ♠❡❛s✉r❡♠❡♥ts ❧✐❦❡❧② ✉♥❞❡r❡st✐♠❛t❡ ❜♦t❤ ▲❆■ ❛♥❞ ❇❆■ ❛s ✇❡
✉s❡❞ ♣♦✐♥t✲q✉❛❞r❛t ❣r✐❞ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ✈❡rt✐❝❛❧ ♥❡❡❞❧❡ ✐♥s❡rt✐♦♥✳
❖✉r tr❡❛t♠❡♥ts ❞✐❞ ♥♦t ❛✛❡❝t ▲❆■ ❛♥❞ ❇❆■ ❡q✉❛❧❧② ❜✉t r❛t❤❡r ❝❤❛♥❣❡❞ t❤❡ r❛t✐♦
❜❡t✇❡❡♥ t❤❡ t✇♦✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② tr✉❡ ❢♦r t❤❡ ❤❡✐❣❤t tr❡❛t♠❡♥t ✇❤✐❝❤ ❝❛♥♥♦t ❜❡
❝♦♥s✐❞❡r❡❞ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ ❛ ♥❛t✉r❛❧❧② s❤♦rt❡r ❝❛♥♦♣②✳ ❚❤❡ tr❡❛t♠❡♥t r❡♠♦✈❡❞
♠♦st❧② ②♦✉♥❣ ❜r❛♥❝❤ t✐♣s ✇✐t❤ ♠❛♥② ❧❡❛✈❡s ✇❤✐❧❡ ♦❧❞❡r✱ ♠♦r❡ ✇♦♦❞② ♣❛rts ♦❢ t❤❡
❝❛♥♦♣② r❡♠❛✐♥❡❞✳ ❚❤✐s ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝❤❛♥❣❡s ✐♥ P❆■ ❛♥❞ ❧❡❛❢ ✴ ❜r❛♥❝❤ r❛t✐♦
❜❡t✇❡❡♥ ❡❛❝❤ tr❡❛t♠❡♥t ✐s ❛ ❧✐♠✐t❛t✐♦♥ ✇❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥ts t♦ t❤❡
♠♦❞❡❧ r❡s✉❧ts ❛♥❞ ✇❤❡♥ ❞r❛✇✐♥❣ ❝♦♥❝❧✉s✐♦♥s ♦♥ ♥❛t✉r❛❧ ❝❤❛♥❣❡s✳
❚r❛♥s♠✐tt❡❞ r❛❞✐❛t✐♦♥ ✇❛s ✉♥❞❡r❡st✐♠❛t❡❞ ❜② t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ✐♥ ❛❧❧
❝♦♠♣❧❡①✐t✐❡s✳ ❲❡ ♣r♦♣♦s❡ t✇♦ ♠❛✐♥ r❡❛s♦♥s✳ ❋✐rst✱ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♠❛② ♦✈❡r❡st✐✲
♠❛t❡ tP❆❘ ❛s t❤❡ s❦② ✇❛s ♦✈❡r❝❛st ♦♥ t❤❡ s❡❝♦♥❞ ❛♥❞ t❤✐r❞ s❛♠♣❧✐♥❣ ❞❛t❡✳ ❈❧♦✉❞
❝♦✈❡r ❝❛♥ ✐♥❝r❡❛s❡ tP❆❘ ❛s ❞✐✛✉s❡ ❧✐❣❤t ✐s ❡①♣❡❝t❡❞ t♦ r❡❞✉❝❡ s❤❛❞♦✇s ✭❊❝❦ ❛♥❞
❉❡❡r✐♥❣ ✱ ✶✾✾✷❀ ❘❡✐❞ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❍♦✇❡✈❡r✱ ♦✉r ❞❛t❛ ❞♦❡s ♥♦t s❤♦✇ ❛ s②st❡♠❛t✐❝
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝❧❡❛r✲s❦② ♣r❡✲tr❡❛t♠❡♥t ♠❡❛s✉r❡♠❡♥ts ❛♥❞ t❤❡ t✇♦ s❡ts ♦❢
♦✈❡r❝❛st ♠❡❛s✉r❡♠❡♥ts✳ ❆s s✉❝❤ t❤❡ ♠❡❛s✉r❡♠❡♥t ❝♦♥❞✐t✐♦♥s ❞♦ ♥♦t ❝♦♠♣❧❡t❡❧② ❡①✲
♣❧❛✐♥ t❤❡ ❞✐✛❡r❡♥❝❡s✳ ❚❤❡ s❡❝♦♥❞ r❡❛s♦♥ ❢♦r t❤❡ ❞✐✛❡r❡♥❝❡s ❝♦✉❧❞ ❧✐❡ ✐♥ t❤❡ ♠♦❞❡❧
♣❛r❛♠❡t❡r✐s❛t✐♦♥✳ ❲❡ ❞✐❞ ♥♦t ❝♦♥s✐❞❡r ❝❧✉♠♣✐♥❣ ✐♥ ♦✉r ♠♦❞❡❧ r✉♥s ✇✐t❤ t✉r❜✐❞ ♠❡✲
❞✐❛✱ ❛♥❞ ✐♥ t❤❡ ♦❜❥❡❝t ❜❛s❡❞ ❝♦♠♣❧❡①✐t✐❡s ✇❡ ♠❛② ❜❡ ✉♥❞❡r❡st✐♠❛t❡ ❧❡❛❢ ❛♥❞ ❜r❛♥❝❤
❝❧✉♠♣✐♥❣✳
❚❤❡ ✈❛❧✉❡s ♦❢ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ❜❡t✇❡❡♥ ✵✳✶ ❛♥❞ ✵✳✶✺ ♠❡❛s✉r❡❞ ✐♥ ♦✉r st✉❞② ✭❋✐❣✲
✉r❡ ✸✳✹✮ ❛r❡ s❧✐❣❤t❧② ❧♦✇❡r t❤❛♥ t❤❡ ❛❧❜❡❞♦ ✈❛❧✉❡s r❡♣♦rt❡❞ ❢♦r ❞✇❛r❢ ❜✐r❝❤ ❞♦♠✐♥❛t❡❞
t✉♥❞r❛ ✐♥ ❧✐t❡r❛t✉r❡✱ ✇❤✐❝❤ ❛r❡ ✵✳✶✻ ✭❊✉❣st❡r ❡t ❛❧✳✱ ✷✵✵✵✮ ❛♥❞ ✵✳✶✼ ✭❚❤♦♠♣s♦♥ ❡t ❛❧✳✱
✷✵✵✹❀ ❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❖♥❡ r❡❛s♦♥ ♠❛② ❜❡ t❤❛t✱ ❛s s❤♦✇♥ ❜② ♦✉r ♠♦❞❡❧ r❡s✉❧ts
❢♦r ❧♦❝❛❧ ❝♦♥❞✐t✐♦♥s✱ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ✐s s❧✐❣❤t❧② ❧♦✇❡r t❤❛♥ ❛❧❜❡❞♦✳ ❆♥♦t❤❡r ♣♦ss✐❜✐❧✲
✐t② ✐s t❤❛t ♦✉r ❞❛t❛s❡t ♦♥❧② ✐♥❝❧✉❞❡s s❡❧❡❝t❡❞✱ ❝❧❡❛r✲s❦② ✈❛❧✉❡s ❝♦❧❧❡❝t❡❞ ❛r♦✉♥❞ ♥♦♦♥
❛♥❞ ✐s t❤❡r❡❢♦r❡ ♥♦t ❛ ❝♦♠♣❧❡t❡ ❞❛t❛ s❡r✐❡s✳ ❋✉rt❤❡r♠♦r❡ ✇❡ s❡❧❡❝t❡❞ s♣❡❝✐✜❝❛❧❧②
❞✇❛r❢ ❜✐r❝❤ ♣❛t❝❤❡s ✇✐t❤ ❝❧♦s❡❞ ❞✇❛r❢ ❜✐r❝❤ ❝♦✈❡r ✇❤✐❧❡ ♦t❤❡r st✉❞✐❡s ✐♥❝❧✉❞❡ ❧❛r❣❡r
❢r❛❝t✐♦♥s ♦❢ ♦t❤❡r s♣❡❝✐❡s✳ ■♥ t❤❡ st✉❞✐❡s ❜② ❚❤♦♠♣s♦♥ ❡t ❛❧✳ ✭✷✵✵✹✮ ❛♥❞ ❇❡r✐♥❣❡r
❡t ❛❧✳ ✭✷✵✵✺✮ ❞✇❛r❢ s❤r✉❜ t✉♥❞r❛ ✐♥❝❧✉❞❡s ❛ ♠✐①t✉r❡ ♦❢ ✈❡❣❡t❛t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ❞✇❛r❢
❜✐r❝❤ ❛s ✇❡❧❧ ❛s ♦t❤❡r ❞❡❝✐❞✉♦✉s ❛♥❞ ❡✈❡r❣r❡❡♥ s❤r✉❜s✳ ❚❤❡ ❛❧❜❡❞♦ ✈❛❧✉❡ ❢r♦♠ ❊✉❣✲
st❡r ❡t ❛❧✳ ✭✷✵✵✵✮ ✇❛s ♠❡❛s✉r❡❞ ♦♥ ❛ ♣❧♦t ✇✐t❤ ❞✇❛r❢ ❜✐r❝❤ ❛♥❞ ✇✐❧❧♦✇ s♣❡❝✐❡s✳
✺✽
❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✶❝✮ ❢♦✉♥❞ ❛ ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ s❤r✉❜ ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r
❛♥❞ ❛❧❜❡❞♦ ❛t t❤❡ ❑②t❛❧②❦ r❡s❡❛r❝❤ s✐t❡ ♦♥ ❡①♣❡r✐♠❡♥t❛❧ ♣❧♦ts ✐♥ ✷✵✵✾✳ ■♥ ❝♦♥tr❛st✱
♦✉r r❡s✉❧ts s❤♦✇ ❛ ✇❡❛❦ ♣♦s✐t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ❛♥❞ P❆■✳
❖♥❡ r❡❛s♦♥ ❢♦r t❤✐s ❞✐s❝r❡♣❛♥❝② ♠✐❣❤t ❜❡ t❤❛t ✇❡ ❝♦♠♣❛r❡ ❞✐✛❡r❡♥t ✈❛r✐❛❜❧❡s✳ ❖✉r
st✉❞② ❢♦❝✉s❡❞ ♦♥ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ❛♥❞ ▲❆■✱ ✇❤✐❧❡ ❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✶❝✮ ♠❡❛s✉r❡❞
❛❧❜❡❞♦ ❛♥❞ ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r✳ ❍♦✇❡✈❡r✱ ♦✉r ♠♦❞❡❧ r❡s✉❧ts s❤♦✇ ❛ str♦♥❣ ♣♦s✐t✐✈❡
❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❛❧❜❡❞♦ ❛♥❞ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ❛♥❞ ❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✶❝✮ r❡♣♦rt ❛
♣♦s✐t✐✈❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❞✇❛r❢ s❤r✉❜ ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r ❛♥❞ ▲❆■✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s
♥♦t ❡①♣❡❝t❡❞ t❤❛t s❧✐❣❤t❧② ❞✐✛❡r❡♥t ✈❛r✐❛❜❧❡s ✇♦✉❧❞ ❧❡❛❞ t♦ t❤❡ ♦❜s❡r✈❡❞ ❝❤❛♥❣❡ ✐♥
r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♣❧❛♥t ❛r❡❛ ♣r♦①✐❡s ❛♥❞ r❡✢❡❝t❛♥❝❡ q✉❛♥t✐t✐❡s✳ ❆♥♦t❤❡r r❡❛s♦♥
❢♦r t❤❡ ❞✐s❝r❡♣❛♥❝② ❜❡t✇❡❡♥ t❤❡ st✉❞✐❡s ♠❛② ❜❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ♦❜s❡r✈❡❞ ▲❆■
r❛♥❣❡s✳ ■♥ ♦✉r st✉❞② ▲❆■ ✈❛r✐❡❞ ❜❡t✇❡❡♥ ✵✳✸✻ ❛♥❞ ✶✳✹✽ ❝♦♠♣❛r❡❞ t♦ ❛ r❛♥❣❡ ♦❢ ✵✳✷
t♦ ✶ ✐♥ ❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✶❝✮✳ ❖✉r ♠♦❞❡❧ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ✐♥✐t✐❛❧ ❞❡❝r❡❛s❡ ♦❢ ♥❛❞✐r
r❡✢❡❝t❛♥❝❡ s❡❡♥ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ P❆■ ❜❡t✇❡❡♥ ✵ ❛♥❞ ✶✱ ❧❡✈❡❧s ♦✛ ❢♦r PAI > 1✳ ❚❤❡s❡
r❡s✉❧ts ❛❧s♦ s✉❣❣❡st t❤❛t r❡✢❡❝t❛♥❝❡ ♠❛② ✐♥❝r❡❛s❡ ❛t ❤✐❣❤❡r P❆■ ✈❛❧✉❡s✱ ❡s♣❡❝✐❛❧❧② ✐❢
t❤❡ ♥✉♠❜❡r ♦❢ ❧❡❛✈❡s ❛s ❝♦♠♣❛r❡❞ t♦ ❜r❛♥❝❤❡s ✐♥❝r❡❛s❡s ✭■❱✱ ❋✐❣✉r❡ ✸✳✺ ❝✱ ❞✮✳ ❆s
s✉❝❤ ❜♦t❤ ♦✉r ❛♥❞ ❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✶❝✮ ♠❡❛s✉r❡♠❡♥ts ♠❛② ❜❡ s❤♦✇✐♥❣ ❞✐✛❡r❡♥t ♣❛rts
♦❢ t❤❡ ♣✐❝t✉r❡✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t ❜♦t❤ st✉❞✐❡s r❡♣♦rt ❛ ✇❡❛❦ ❝♦rr❡❧❛t✐♦♥
✇✐t❤ ❘2 ✈❛❧✉❡s ♦❢ 0.372 = 0.14 ✭❚❛❜❧❡ ✸✳✸✮ ❛♥❞ ✵✳✹✼✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s ♠❛② ❜❡ ✐♥
♣❛rt ❞✉❡ t♦ t❤❡ r❡❧❛t✐✈❡❧② ❢❡✇ ♠❡❛s✉r❡♠❡♥ts ✐♥❝❧✉❞❡❞✱ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ ▲❆■ ✲ ❛❧❜❡❞♦
r❡❧❛t✐♦♥s❤✐♣ ♦❢ ❇❧♦❦ ❡t ❛❧✳ ✭✷✵✶✶❝✮✳
❙❡✈❡r❛❧ st✉❞✐❡s s❤♦✇ ❛ ♥❡❣❛t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❜✐♦♠❛ss ♦r ▲❆■ ❛♥❞ ❝❛♥♦♣②
r❡✢❡❝t❛♥❝❡ ❛❝r♦ss ❞✐✛❡r❡♥t ❡❝♦s②st❡♠ t②♣❡s ✐♥ t❤❡ ❆r❝t✐❝ ✭❡✳❣✳ ❚❤♦♠♣s♦♥ ❡t ❛❧✳✱ ✷✵✵✹❀
❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ■♥ ❝♦♥tr❛st ♦✉r ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts s❤♦✇ t❤❛t ❢♦r
t❤❡ ❣✐✈❡♥ s❤r✉❜ ✈❡❣❡t❛t✐♦♥ ✐♥❝r❡❛s✐♥❣ P❆■ ❞♦❡s ♥♦t s✐❣♥✐✜❝❛♥t❧② ❞❡❝r❡❛s❡ t❤❡ ❣r♦✇✐♥❣
s❡❛s♦♥ ❛❧❜❡❞♦✳ ❚❤✉s st✉❞✐❡s t❤❛t r❡❧❛t❡ ❆r❝t✐❝ ❣r❡❡♥✐♥❣ t♦ t❤❡ r❛❞✐❛t✐♦♥ ❜❛❧❛♥❝❡ ♥❡❡❞
t♦ ❞✐✛❡r❡♥t✐❛t❡ ❜❡t✇❡❡♥ ❣r❡❡♥✐♥❣ t❤r♦✉❣❤ ✐♥❝r❡❛s❡❞ ❣r♦✇t❤ ♦❢ t❤❡ ❡①✐st✐♥❣ ✈❡❣❡t❛t✐♦♥
t②♣❡ ❛♥❞ ❣r❡❡♥✐♥❣ t❤r♦✉❣❤ r❡♣❧❛❝❡♠❡♥t ♦❢ ♦♥❡ ✈❡❣❡t❛t✐♦♥ t②♣❡ ✇✐t❤ ❛♥♦t❤❡r✳ ■♥
❛❞❞✐t✐♦♥✱ ♦✉r st✉❞② ❢♦❝✉s❡❞ ♦♥ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ✇❤✐❧❡ s❡✈❡r❛❧ st✉❞✐❡s s✉❣❣❡st✱ t❤❛t
t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❡✛❡❝t ♦❢ s❤r✉❜ ♣r❡s❡♥❝❡ ❛♥❞ ❤❡✐❣❤t ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ❜❛❧❛♥❝❡ ✐s
✐♥ ✇✐♥t❡r ❛♥❞ s♣r✐♥❣ ✇❤❡♥ t❤❡ s❤r✉❜s ♠❛s❦ t❤❡ s♥♦✇ ❛♥❞ ❡♥❤❛♥❝❡ s♥♦✇♠❡❧t ✭❡✳❣✳
P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✵✻❀ ▼❛rs❤ ❡t ❛❧✳✱ ✷✵✶✵❀ ▲♦r❛♥t② ❡t ❛❧✳✱ ✷✵✶✶✮✳
❖✉r ◆❉❱■ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❞✇❛r❢ ❜✐r❝❤ ❝❛♥♦♣② r❛♥❣❡ ❢r♦♠ ✵✳✻ t♦ ✵✳✽ ✭❋✐❣✲
✉r❡ ✸✳✺✱ ❡✮✳ ❚❤✐s r❛♥❣❡ ❛❣r❡❡s ✇❡❧❧ ✇✐t❤ ♦t❤❡r st✉❞✐❡s ❢r♦♠ s❤r✉❜ t✉♥❞r❛ ✭❘✐❡❞❡❧
❡t ❛❧✳✱ ✷✵✵✺❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❝✮ ✇❤✐❝❤ ❛❧s♦ r❡♣♦rt ❛ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
◆❉❱■ ❛♥❞ s❤r✉❜ ❝♦✈❡r✳ ❍♦✇❡✈❡r✱ ♦✉r ❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts ✐♥❞✐❝❛t❡ ❛ s❛t✉r❛t✐♦♥
♦❢ ◆❉❱■ ❢♦r P❆■s st❛rt✐♥❣ ❜❡t✇❡❡♥ ✷ ❛♥❞ ✸ ✭❋✐❣✉r❡ ✸✳✺✱ ❡✮✳ ❚❤✉s ◆❉❱■ ♠✐❣❤t ❜❡ ❧❡ss
✉s❡❢✉❧ ❢♦r r❡❧❛t✐♥❣ ❢✉rt❤❡r ❆r❝t✐❝ ❣r❡❡♥✐♥❣ t♦ ❜✐♦♠❛ss ✭❘❡❡s ❡t ❛❧✳✱ ✶✾✾✽✮✱ ❡s♣❡❝✐❛❧❧②
❛s ✐t ❛❧s♦ r❡❧❛t❡s t♦ ♦t❤❡r ❢❛❝t♦rs ❧✐❦❡ ♠♦✐st✉r❡ ❝♦♥❞✐t✐♦♥s ✭●❛♠♦♥ ❡t ❛❧✳✱ ✷✵✶✸✮ ❛♥❞
❜❛❝❦❣r♦✉♥❞ t②♣❡ ✭❍♦♣❡ ❡t ❛❧✳✱ ✶✾✾✸❀ ❘♦❝❤❛ ❛♥❞ ❙❤❛✈❡r ✱ ✷✵✵✾✮✳ ❲❡ ❢♦✉♥❞ r❡❧❛t✐✈❡❧②
✺✾
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
❤✐❣❤ ❜❛❝❦❣r♦✉♥❞ ◆❉❱■ ✈❛❧✉❡s ❞✉❡ t♦ ♠♦ss❡s ❜❡❧♦✇ t❤❡ s❤r✉❜ ❝❛♥♦♣②✳ ❚❤✐s ✐s ❝♦♥s✐s✲
t❡♥t ✇✐t❤ t❤❡ st✉❞② ❜② ❇♦❡❧♠❛♥ ❡t ❛❧✳ ✭✷✵✶✶✮ ✇❤✐❝❤ ❛❧s♦ r❡♣♦rts ❤✐❣❤❡r ◆❉❱■ ✈❛❧✉❡s
❢♦r ✈❡❣❡t❛t✐♦♥ ♣r✐♦r t♦ ❧❡❛❢ ♦✉t ✇❤❡♥ ✇♦♦❞② ❜r❛♥❝❤ ❝♦✈❡r❛❣❡ ✐s s♣❛rs❡ ❛s ❝♦♠♣❛r❡❞
t♦ ♠♦r❡ ❞❡♥s❡ ❜r❛♥❝❤ ❝♦✈❡r❛❣❡✱ ✇❤✐❝❤ ♠❛s❦s t❤❡ ❜❛❝❦❣r♦✉♥❞ ✈❡❣❡t❛t✐♦♥✳
❖✉r ✜♥❞✐♥❣s ❤❛✈❡ ✐♠♣♦rt❛♥t ✐♠♣❧✐❝❛t✐♦♥s ♦♥ t❤❡ s✉♠♠❡r ❡♥❡r❣② ❜❛❧❛♥❝❡ ♦❢ t❤❡
s♦✐❧✲♣❧❛♥t s②st❡♠✳ ❯♥❧✐❦❡ ♣r❡✈✐♦✉s❧② t❤♦✉❣❤t✱ ❛ ❞❡♥s❡r s❤r✉❜ ❝❛♥♦♣② ♠❛② ♥♦t ✐♥✲
❝r❡❛s❡ t❤❡ ♦✈❡r❛❧❧ ❡♥❡r❣② ❛✈❛✐❧❛❜✐❧✐t② ❛s t❤❡ ❡✛❡❝t ♦♥ ❝❛♥♦♣② ❛❧❜❡❞♦ ✐s s♠❛❧❧ ❛♥❞ ✇❡
♦❜s❡r✈❡❞ ❛ ♣♦s✐t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ t✇♦✳ ❚❤❡ ♠❛❥♦r ❡✛❡❝t ♦❢ s❤r✉❜ ❞❡♥s✐t②
✐s ♦♥ ❡♥❡r❣② ♣❛rt✐t✐♦♥✐♥❣ ✇✐t❤✐♥ t❤❡ ❝❛♥♦♣②✲s♦✐❧ s②st❡♠✳ ❉❡♥s❡r ❝❛♥♦♣✐❡s tr❛♥s♠✐t
❧❡ss r❛❞✐❛t✐♦♥ t♦ t❤❡ s♦✐❧ ❛♥❞ ❧✐❦❡❧② ✐♥❝r❡❛s❡ ❡♥❡r❣② ❧♦ss ❞✉❡ t♦ ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥
✭❇♦♥✜❧s ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❚❤❡r❡❢♦r❡✱ ❛ ❞❡♥s❡ s❤r✉❜ ❝❛♥♦♣② ♠❛② r❡❞✉❝❡ t❤❡ ❆▲❚ ❛♥❞ s♦✐❧
t❡♠♣❡r❛t✉r❡s✳ ❋✉rt❤❡r♠♦r❡✱ s♦✐❧ s❤❛❞✐♥❣ ✐♥✢✉❡♥❝❡s t❤❡ ♣❧❛♥t ❝♦♠♠✉♥✐t② ❜❡❧♦✇ t❤❡
s❤r✉❜s ❛s s♣❡❝✐❡s r✐❝❤♥❡ss ❤❛s ❜❡❡♥ ❢♦✉♥❞ t♦ ❞❡❝❧✐♥❡ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ s❤r✉❜ ❤❡✐❣❤t
❛♥❞ ❞❡♥s✐t② ✭P❛❥✉♥❡♥ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ▼♦r❡ s♣❡❝✐✜❝❛❧❧②✱ s♦✐❧ s❤❛❞✐♥❣ ❤❛s ❜❡❡♥ ❢♦✉♥❞ t♦
❝❛✉s❡ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ♠♦ss ❧❛②❡r ❜❡❧♦✇ ❞❡♥s❡ s❤r✉❜ ❝❛♥♦♣✐❡s ✇❤✐❝❤ ❤❛s ✐♠♣❧✐❝❛t✐♦♥s
❢♦r s♦✐❧ t❡♠♣❡r❛t✉r❡s✱ ❛❝t✐✈❡ ❧❛②❡r ❞❡♣t❤✱ ❛♥❞ t❤❡ r❛t❡ ♦❢ s♦✐❧ ❞❡❝♦♠♣♦s✐t✐♦♥ ✭❲❛❧❦❡r
❡t ❛❧✳✱ ✷✵✵✻❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳
✸✳✹✳✷ ❙✐♠✉❧❛t✐♦♥s
■♥ t❤❡ ♣❛st ❛ ✈❛r✐❡t② ♦❢ ♠♦❞❡❧s✱ r❛♥❣✐♥❣ ❢r♦♠ ✈❡r② s✐♠♣❧❡ t♦ ✸❉ ▼♦♥t❡ ❈❛r❧♦ ♦r ✢✉①
tr❛❝❦✐♥❣ ❛♣♣r♦❛❝❤❡s✱ ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ❢♦r s✐♠✉❧❛t✐♥❣ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ✐♥ ✈❡❣❡t❛t✐♦♥✳
❲❡ ✉s❡❞ t❤❡ ❉❆❘❚ ♠♦❞❡❧ t♦ ❝♦♠♣❛r❡ s✐① ❞✐✛❡r❡♥t ✸❉ ❛♣♣r♦❛❝❤❡s✳ ❉❆❘❚ ♣r♦✈❡❞
t♦ ❜❡ ❛♥ ❡✛❡❝t✐✈❡ t♦♦❧ ❢♦r st✉❞②✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❧❡❛❢ ❛♥❞ ❜r❛♥❝❤ ♣❛r❛♠❡t❡r✐s❛t✐♦♥
✐♥ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣✳ ❖✉r r❡s✉❧ts ❝♦rr♦❜♦r❛t❡ ♦t❤❡r st✉❞✐❡s ✇❤✐❝❤ ❢♦✉♥❞
❉❆❘❚ t♦ ❜❡ ❛ ✉s❡❢✉❧ t♦♦❧ ❢♦r ♠♦❞❡❧❧✐♥❣ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ✐♥ ✈❡❣❡t❛t✐♦♥ ✭●❛st❡❧❧✉✲
❊t❝❤❡❣♦rr② ❡t ❛❧✳✱ ✶✾✾✾✱ ✷✵✵✹❀ ▼❛❧❡♥♦✈s❦ý ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❍♦✇❡✈❡r✱ t❤❡ ♠♦❞❡❧ ❤❛❞ ♥♦t
②❡t ❜❡❡♥ ✈❛❧✐❞❛t❡❞ ❢♦r ❞✇❛r❢✲s❤r✉❜ t✉♥❞r❛✳
❚❤❡ ♠❛✐♥ r❡s✉❧t ♦❢ ♦✉r ♠♦❞❡❧❧✐♥❣ st✉❞② ✐s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ✐♥❝❧✉❞✐♥❣ ❜r❛♥❝❤❡s ❛s
✇❡❧❧ ❛s ❧❡❛✈❡s ✐♥ r❛❞✐❛t✐♦♥ ❜❛❧❛♥❝❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❜r❛♥❝❤❡s✱ st❡♠s
♦r ✇♦♦❞② ❡❧❡♠❡♥ts ✐♥ ❣❡♥❡r❛❧ ❤❛s ❜❡❡♥ str❡ss❡❞ ❜② ♦t❤❡r ❛✉t❤♦rs ❢♦r ❢♦r❡st ❝❛♥♦♣✐❡s
✭▼❛❧❡♥♦✈s❦ý ❡t ❛❧✳✱ ✷✵✵✽❀ ❱❡rr❡❧st ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❍♦✇❡✈❡r✱ ❢❡✇ st✉❞✐❡s ❡①✐st ♦♥ t❤❡
✐♥✢✉❡♥❝❡ ♦❢ ✇♦♦❞② ❡❧❡♠❡♥ts ♦♥ t❤❡ r❛❞✐❛t✐✈❡ ❜❛❧❛♥❝❡ ♦❢ ❆r❝t✐❝ s❤r✉❜s✳ ❚✇♦ st✉❞✐❡s
t❤❛t ♠❡❛s✉r❡❞ tr❛♥s♠✐tt❡❞ r❛❞✐❛t✐♦♥ ❜❡❧♦✇ ❞❡❝✐❞✉♦✉s ❆r❝t✐❝ t❛❧❧✲s❤r✉❜ ✈❡❣❡t❛t✐♦♥
❞✐❞ s♦ ✐♥ s♣r✐♥❣ ❜❡❢♦r❡ ❧❡❛❢✲♦✉t ❛♥❞ ❢♦✉♥❞ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡❞ r❛❞✐❛t✐♦♥ ❝♦♠♣❛r❡❞ t♦
♦♣❡♥ ❧♦❝❛t✐♦♥s ✭❇❡✇❧❡② ❡t ❛❧✳✱ ✷✵✵✼❀ ❘❡✐❞ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❉❡♣❡♥❞✐♥❣ ♦♥ s♦❧❛r ❛♥❣❧❡ ❛♥❞
❡①❛❝t ♠❡❛s✉r❡♠❡♥t ❧♦❝❛t✐♦♥✱ ❜♦t❤ st✉❞✐❡s r❡✈❡❛❧❡❞ ❛❜s♦r♣t✐♦♥ ❜② t❤❡ ✇♦♦❞② ❜✐♦♠❛ss
♦❢ t❤❡ s❤r✉❜s t♦ ❜❡ ❛s ♠✉❝❤ ❛s ✻✵✪ ✐♥ ❡①tr❡♠❡ ❝❛s❡s ✭❧♦✇ s♦❧❛r ❛♥❣❧❡s ♦r ❞❡♥s❡
❝❛♥♦♣②✮ ❛♥❞ ✸✵ t♦ ✹✵✪ ♦♥ ❛✈❡r❛❣❡✳ ❖✉r ♠♦❞❡❧ r❡s✉❧ts s✉❣❣❡st✱ t❤❛t ✐♥ ❞✇❛r❢ ❜✐r❝❤
✈❡❣❡t❛t✐♦♥ ❜r❛♥❝❤❡s ❛r❡ ❧✐❦❡❧② t♦ ❝♦♥tr✐❜✉t❡ ♠♦r❡ t♦ t♦t❛❧ r❛❞✐❛t✐♦♥ ❛❜s♦r♣t✐♦♥ t❤❛♥
✻✵
❧❡❛✈❡s ✭❋✐❣✉r❡ ✸✳✼✮✳ ❆s t❤❡ ♣❛rt✐t✐♦♥✐♥❣ ❝❤❛♥❣❡s ♥♦♥❧✐♥❡❛r❧② ✇✐t❤ P❆■✱ ❜♦t❤ ❡❧❡♠❡♥ts
s❤♦✉❧❞ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ r❛❞✐❛t✐♦♥ tr❛♥s❢❡r ♦r ❡♥❡r❣② ❜❛❧❛♥❝❡ ♠♦❞❡❧❧✐♥❣✳ ❲❤✐❧❡ P❆■ ✐s
❝❧❡❛r❧② t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞r✐✈❡r ❢♦r tP❆❘✱ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s
❤❛s ❛ str♦♥❣❡r ✐♥✢✉❡♥❝❡ ♦♥ r❡✢❡❝t❛♥❝❡ ❛♥❞ ◆❉❱■ ✭❋✐❣✉r❡ ✸✳✺✮✳ ❚❤✉s ✇❡ ✇♦✉❧❞
❧✐❦❡ t♦ ❡♠♣❤❛s✐s❡ t❤❡ ♥❡❡❞ ❢♦r ♠❡❛s✉r❡♠❡♥ts ♦❢ ❧❡❛❢ t♦ ❜r❛♥❝❤ r❛t✐♦s ♦❢ ❞✐✛❡r❡♥t
✈❡❣❡t❛t✐♦♥ t②♣❡s s♦ t❤❛t t❤❡s❡ r❛t✐♦s ❝❛♥ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ ♠♦❞❡❧s ♦❢ t❤❡ ❡♥❡r❣② ♦r
r❛❞✐❛t✐♦♥ ❜❛❧❛♥❝❡✳
❋♦✉r ♦❢ t❤❡ s✐① ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s t❡st❡❞ ✐♥ ♦✉r st✉❞② ✐♥❝❧✉❞❡❞ ❛ ♣❛r❛♠❡t❡r✐s❛t✐♦♥
♦❢ ❜r❛♥❝❤❡s ✭■■✲❱✮✳ ❚❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❜r❛♥❝❤❡s ❛s ✈❡rt✐❝❛❧ st❡♠s ✭■■■✮ ✐s ♥♦t
❛♣♣r♦♣r✐❛t❡ ❛s ✐t ♠❛ss✐✈❡❧② ✉♥❞❡r❡st✐♠❛t❡s ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ❛♥❞ ✐s ❧❡ss ❛❝❝✉r❛t❡ t❤❛♥
❜r❛♥❝❤❡s r❡♣r❡s❡♥t❡❞ ❜② t✉r❜✐❞ ♠❡❞✐✉♠ ♦r ♦❜❥❡❝ts✳ ❋♦r t❤❡ ❝♦♠♣❧❡①✐t✐❡s ✇✐t❤ ♦❜❥❡❝t
❜r❛♥❝❤❡s t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❧❡❛✈❡s ❛s t✉r❜✐❞ ♠❡❞✐✉♠ ✭■❱✮ ❛♥❞ ❛s ♦❜❥❡❝ts ✭❱✮ ❛r❡
r❡❧❛t✐✈❡❧② s♠❛❧❧✳ ❚❤❡s❡ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s s❧✐❣❤t❧② ✉♥❞❡r❡st✐♠❛t❡❞ ♥❛❞✐r r❡✢❡❝t❛♥❝❡
❛♥❞ str♦♥❣❧② ✉♥❞❡r❡st✐♠❛t❡❞ tP❆❘ ✇❤✐❧❡ ◆❉❱■ ✐s s✐♠✉❧❛t❡❞ ✇❡❧❧✳ ❚❤❡ ♠♦❞❡❧ r✉♥
✇✐t❤ t✉r❜✐❞ ❧❡❛✈❡s ❛♥❞ t✉r❜✐❞ ❜r❛♥❝❤❡s ✭■■✮ s✐♠✉❧❛t❡s ❛❧❧ t❤r❡❡ ✈❛r✐❛❜❧❡s ❜❡st ❛❧t❤♦✉❣❤
t❤❡ tP❆❘ ✈❛❧✉❡s ❛r❡ ♦♥ t❤❡ ❧♦✇❡r ❜♦✉♥❞❛r② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞
❤❡r❡✱ ❤♦✇❡✈❡r✱ t❤❛t ❧❡❛❢ ❛♥❞ ❜r❛♥❝❤ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥s ❛r❡ ✐♥✢✉❡♥t✐❛❧ ♣❛r❛♠❡t❡rs
❢♦r t✉r❜✐❞ ♠❡❞✐✉♠ ❝❛❧❝✉❧❛t✐♦♥s ❛♥❞ ✇❡r❡ ♥♦t ♠❡❛s✉r❡❞ ✐♥ t❤❡ ✜❡❧❞✳ ❋✉rt❤❡r♠♦r❡✱ ✇❡
❛ss✉♠❡❞ ❵♥♦ ❝❧✉♠♣✐♥❣✬ ✐♥ ♦✉r s✐♠✉❧❛t✐♦♥s ✇✐t❤ t✉r❜✐❞ ♠❡❞✐❛ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧❛❝❦ ♦❢
✐♥♣✉t ❞❛t❛✳ ■♥❝❧✉❞✐♥❣ ❛ ❝❧✉♠♣✐♥❣ ❢❛❝t♦r ♦❢ ✵✳✽ ✐♥ t❤❡ s✐♠✉❧❛t✐♦♥ ✇✐t❤ t✉r❜✐❞ ❧❡❛✈❡s
❛♥❞ ❜r❛♥❝❤❡s ✭■■✮ ❤❛s ❛ s♠❛❧❧ ❡✛❡❝t ♦♥ s✐♠✉❧❛t❡❞ ❆❧❜❡❞♦ ❛♥❞ ◆❉❱■ ✭❧❡ss t❤❛♥ ✸✪
❢♦r ❛❧❧ P❆■✮✱ ❜✉t ✐♥❝r❡❛s❡s tP❆❘ s✐❣♥✐✜❝❛♥t❧② ❜② ✵✳✵✹ t♦ ✵✳✵✽ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣❧❛♥t
❛r❡❛ ✭r❡s✉❧ts ♥♦t s❤♦✇♥✮✳ ❚❤✉s s✐♠✉❧❛t✐♦♥s ✇✐t❤ ❝❧✉♠♣❡❞ t✉r❜✐❞ ♠❡❞✐❛ ♠❛t❝❤ t❤❡
♠❡❛s✉r❡❞ tP❆❘ ❞❛t❛ ❜❡st ✇❤✐❧❡ t✉r❜✐❞ ♠❡❞✐❛ ✇✐t❤♦✉t ❝❧✉♠♣✐♥❣ ❛♥❞ ♦❜❥❡❝t ❜r❛♥❝❤❡s
s❤♦✇ str♦♥❣ ❞✐s❝r❡♣❛♥❝✐❡s ❜❡t✇❡❡♥ ♠♦❞❡❧ r❡s✉❧ts ❛♥❞ ❞❛t❛✳ ❚❤✐s s✉❣❣❡sts t❤❛t ❛❧s♦
t❤❡ ♦❜❥❡❝t ❜r❛♥❝❤❡s ♠✐❣❤t ❜❡ t♦♦ ✉♥✐❢♦r♠❧② ❞✐str✐❜✉t❡❞ ♦♥ t❤❡ ♠♦❞❡❧❧❡❞ s❝❡♥❡✳
■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ ❤❡r❡ t❤❛t ✇❡ s✐♠✉❧❛t❡❞ ♦♥❧② ♦♥❡ s♦❧❛r ❛♥❣❧❡ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s
t♦ ❧♦❝❛❧ ❝♦♥❞✐t✐♦♥s ♦♥❡ ❤♦✉r ❜❡❢♦r❡ ♥♦♦♥✳ ❚❤✉s ♦✉r r❡s✉❧ts ❢♦r t❤❡ ❡♥❡r❣② ❜❛❧❛♥❝❡
✭❋✐❣✉r❡ ✸✳✼✮ s❤♦✇ ❥✉st ❛ s♥❛♣✲s❤♦t ❛♥❞ ♥♦t ❛✈❡r❛❣❡ ✈❛❧✉❡s ❢♦r t❤❡ ✇❤♦❧❡ s❡❛s♦♥✳
✸✳✺ ❈♦♥❝❧✉s✐♦♥s
❖✉r ♠♦st ✐♠♣♦rt❛♥t ❝♦♥❝❧✉s✐♦♥s ❝♦♥❝❡r♥✐♥❣ ❆r❝t✐❝ ❞✇❛r❢✲s❤r✉❜ ✈❡❣❡t❛t✐♦♥ ❛r❡ ❛s
❢♦❧❧♦✇s✿
❼ ❋♦r ♣❧❛♥t ❛r❡❛s ❜❡t✇❡❡♥ 1✕3m2 m−2 ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ✐s ✈❡r② ✇❡❛❦❧② ❝♦rr❡❧❛t❡❞
✇✐t❤ ❞✇❛r❢ ❜✐r❝❤ P❆■ ❛♥❞ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ✐s ♣♦s✐t✐✈❡✳
❼ ◆❛❞✐r r❡✢❡❝t❛♥❝❡ ❛♥❞ ◆❉❱■ ❛r❡ ♠❛✐♥❧② ✐♥✢✉❡♥❝❡❞ ❜② ❧❡❛❢ ❛r❡❛ ❛♥❞ ❧❡❛❢ t♦
❜r❛♥❝❤ r❛t✐♦✱ ❧❡ss s♦ ❜② ♣❧❛♥t ❛r❡❛✳
✻✶
✸ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣
❼ ❲♦♦❞② ❜✐♦♠❛ss ♦❢ ❞✇❛r❢ ❜✐r❝❤ s❤r✉❜s ❛❝❝♦✉♥ts ❢♦r ✺✼✪ t♦ ✼✶✪ ♦❢ t❤❡ t♦t❛❧
❝❛♥♦♣② ❛❜s♦r❜❡❞ r❛❞✐❛t✐♦♥ ❢♦r LAI = BAI ✐♥ ♦✉r ♠♦❞❡❧ r❡s✉❧ts✳
❼ ❊♥❡r❣② ♣❛rt✐t✐♦♥✐♥❣ ❜❡t✇❡❡♥ ❧❡❛✈❡s ❛♥❞ ❜r❛♥❝❤❡s ✐s ♥♦♥ ❧✐♥❡❛r✳
❚❤❡s❡ ✜♥❞✐♥❣s ❤❛✈❡ ✐♠♣♦rt❛♥t ✐♠♣❧✐❝❛t✐♦♥s ❢♦r t❤❡ ✐♠♣❛❝ts ♦❢ ✐♥❝r❡❛s❡❞ ❆r❝t✐❝ s❤r✉❜
❞❡♥s✐t②✳ ❲❤✐❧❡ ✐♥❝r❡❛s✐♥❣ s❤r✉❜ ❜✐♦♠❛ss ♠❛② ♥♦t ❧❡❛❞ t♦ s✐❣♥✐✜❝❛♥t ❛❧❜❡❞♦ r❡❞✉❝t✐♦♥
✉♥❞❡r ❝♦♥st❛♥t ❡❝♦s②st❡♠ t②♣❡✱ t❤❡ ♣❛rt✐t✐♦♥✐♥❣ ♦❢ t❤❡ ❛❜s♦r❜❡❞ r❛❞✐❛t✐♦♥ ❜❡t✇❡❡♥
s♦✐❧ ❛♥❞ ❝❛♥♦♣② ✐s ❧✐❦❡❧② t♦ ❝❤❛♥❣❡✳ ❚❤❡ ❝❤❛♥❣❡s ✐♥ ❡♥❡r❣② ❜❛❧❛♥❝❡ ♦❢ t❤❡ s♦✐❧ ❛♥❞
t❤✉s t❤❡ ♣❡r♠❛❢r♦st ♠❛② ♥♦t ❜❡ ❡❛s✐❧② ♦❜s❡r✈❛❜❧❡ ❢r♦♠ s♣❛❝❡ ❛s s❤r✉❜ ♣❧❛♥t ❛r❡❛
✐♥❞✐❝❡s ❛❜♦✈❡ ✷ ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② r❡❧❛t❡❞ t♦ ◆❉❱■ ♦r✱ ✐♥ ❣❡♥❡r❛❧✱ r❡✢❡❝t❛♥❝❡ ✐♥
❛♥② s♣❡❝tr❛❧ r❡❣✐♦♥✳
❲❡ ❞❡♠♦♥str❛t❡❞ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❧❡❛❢ t♦ ❜r❛♥❝❤ r❛t✐♦s ❢♦r ❛❧❧ ♣❛rts ♦❢ t❤❡
s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜❛❧❛♥❝❡✳ ❚❤✉s ✇❡ s✉❣❣❡st t❤❛t ♠♦r❡ ❡✛♦rt ✐s ♥❡❡❞❡❞ t♦ ♠❡❛s✉r❡
t❤✐s r❛t✐♦ ✐♥ t❤❡ ✜❡❧❞ ❛♥❞ t♦ ❡①♣❧✐❝✐t❧② ✐♥❝❧✉❞❡ ✐t ✐♥ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ❛♥❞ ❡♥❡r❣②
❜❛❧❛♥❝❡ ♠♦❞❡❧s✳ ❋✉rt❤❡r♠♦r❡✱ ❝❛♥♦♣② ❜❛❝❦❣r♦✉♥❞ ❛♥❞ ✈❡❣❡t❛t✐♦♥ t②♣❡ r❡♣❧❛❝❡❞ ❜②
s❤r✉❜s ♥❡❡❞ t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❤❡♥ ♣r❡❞✐❝t✐♥❣ ❢❡❡❞❜❛❝❦s ♦❢ s❤r✉❜✐✜❝❛t✐♦♥ t♦ s✉♠♠❡r
❛❧❜❡❞♦✱ ♣❡r♠❛❢r♦st t❤❛✇✱ ❛♥❞ ❝❧✐♠❛t❡ ✇❛r♠✐♥❣✳
❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts
❲❡ ❛❝❦♥♦✇❧❡❞❣❡ t❤❡ s✉♣♣♦rt ❜② ❆❙❉ ●♦❡t③ ■♥str✉♠❡♥t ❙✉♣♣♦rt Pr♦❣r❛♠ ❢♦r ♣r♦✲
✈✐❞✐♥❣ ❛ s♣❡❝tr♦♠❡t❡r ❢♦r ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ ❙✐❜❡r✐❛♥ t✉♥❞r❛✳ ❲❡ ✇♦✉❧❞ ❧✐❦❡
t♦ t❤❛♥❦ t❤❡ ❙✐❜❡r✐❛♥ ❇r❛♥❝❤ ♦❢ t❤❡ ❘✉ss✐❛♥ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡ ❢♦r t❤❡ s✉♣♣♦rt✳
❚❤✐s ✇♦r❦ ✇❛s s✉♣♣♦rt❡❞ ❜② t❤❡ ❙✇✐ss ◆❛t✐♦♥❛❧ ❙❝✐❡♥❝❡ ❋♦✉♥❞❛t✐♦♥ t❤r♦✉❣❤ ♣r♦❥❡❝t
❣r❛♥t ✶✹✵✻✸✶✳ ❲❡ ✇❡r❡ ❢✉rt❤❡r s✉♣♣♦rt❡❞ ❜② t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤ t❤r♦✉❣❤ t❤❡
❯♥✐✈❡rs✐t② r❡s❡❛r❝❤ ♣r✐♦r✐t② ♣r♦❣r❛♠♠❡ ♦♥ ●❧♦❜❛❧ ❈❤❛♥❣❡ ❛♥❞ ❇✐♦❞✐✈❡rs✐t② ✭❯❘PP
●❈❇✮✳ ❲❡ ❧✐❦❡ t♦ t❤❛♥❦ t❤❡ ❞❡✈❡❧♦♣❡rs✱ ❡s♣❡❝✐❛❧❧② ❏✳✲P✳ ●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ❛♥❞
❈❊❙❇■❖✱ ❢♦r ♠❛❦✐♥❣ t❤❡ ❉❆❘❚ s♦❢t✇❛r❡ ❢r❡❡❧② ❛✈❛✐❧❛❜❧❡✱ ❛♥❞ ❋✳ ❙❝❤♥❡✐❞❡r ❛♥❞ ▼✳
❙❝❤❛❡♣♠❛♥ ❛t t❤❡ ❘❡♠♦t❡ ❙❡♥s✐♥❣ ▲❛❜♦r❛t♦r✐❡s✱ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤✱ ❢♦r ❞✐s❝✉ss✐♦♥s
❛♥❞ ❝♦♠♠❡♥ts✳
✻✷
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝
t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
■♥❣❡ ❏✉s③❛❦✶✱ ▼❛✐t❛♥❡ ■t✉rr❛t❡✲●❛r❝✐❛✶✱ ❏❡❛♥✲P❤✐❧✐♣♣❡ ●❛st❡❧❧✉✲❊t❝❤❡❣♦rr②✷✱ ▼✐❝❤❛✲
❡❧ ❊✳ ❙❝❤❛❡♣♠❛♥✸✱ ❚r♦✜♠ ❈✳ ▼❛①✐♠♦✈✹✱ ❛♥❞ ●❛❜r✐❡❧❛ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜✶
❆❜str❛❝t
❱❡❣❡t❛t✐♦♥ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ✇❛t❡r s✉r❢❛❝❡ ❛r❡❛ ❛r❡ ❝❤❛♥❣✐♥❣ ✐♥ ♠❛♥② t✉♥❞r❛ r❡❣✐♦♥s
❞✉❡ t♦ ❝❧✐♠❛t❡ ✇❛r♠✐♥❣✱ ✇❤✐❝❤ ✐s t✇✐❝❡ ❛s str♦♥❣ ✐♥ t❤❡ ❆r❝t✐❝ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡
❣❧♦❜❛❧ ♠❡❛♥✳ ❙✉❝❤ ❧❛♥❞❝♦✈❡r ❝❤❛♥❣❡s ❢❡❡❞ ❜❛❝❦ t♦ ❝❧✐♠❛t❡ ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇
t❤r♦✉❣❤ ❛❧t❡r✐♥❣ t❤❡ s✉r❢❛❝❡ ❡♥❡r❣② ❜✉❞❣❡t✳ ❲❡ q✉❛♥t✐✜❡❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ✈❡❣❡t❛✲
t✐♦♥ t②♣❡✱ ❝❛♥♦♣② ❝❤❛r❛❝t❡r✐st✐❝s✱ ❛♥❞ ♣❛t❝❤✐♥❡ss ♦♥ t❤❡ t✉♥❞r❛ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t✳ ❲❡ ✉s❡❞ ✐♥ s✐t✉ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ✈❡❣❡t❛t✐♦♥ ♠❛♣♣✐♥❣ t♦ ♣❛r❛♠❡tr✐s❡ ❛
✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ✭❉❆❘❚✮ ❢♦r s✉♠♠❡r ❝♦♥❞✐t✐♦♥s ❛t t❤❡ ❑②t❛❧②❦ t❡st
s✐t❡ ✐♥ ♥♦rt❤❡❛st ❙✐❜❡r✐❛✳ ❲❡ ❛♥❛❧②s❡❞ ♠♦❞❡❧ r❡s✉❧ts ❛ss❡ss✐♥❣ t❤❡ ♠♦st ✐♠♣♦rt❛♥t
❞r✐✈❡rs ♦❢ ❝❛♥♦♣② ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❛❜s♦r♣t❛♥❝❡ ♦❢ ♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝✲
t✐✈❡ r❛❞✐❛t✐♦♥ ✭P❆❘✮✳ ❚✉♥❞r❛ ❛❧❜❡❞♦ ✇❛s str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r
♦❢ ✇❛t❡r s✉r❢❛❝❡s✳ ❯♥❧✐❦❡ ♣❧❛♥t ❛r❡❛ ✐♥❞❡①✱ s❤r✉❜ ❝♦✈❡r s✐❣♥✐✜❝❛♥t❧② ❞❡❝r❡❛s❡❞ t❤❡
❛❧❜❡❞♦✳ ❈❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ P❆❘ ❛❜s♦r♣t❛♥❝❡ ✭❢❆P❆❘✮ ✇❡r❡ ❛❧♠♦st ❡♥t✐r❡❧②
❝♦♥tr♦❧❧❡❞ ❜② ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✳ ❖♥❧② ❛❜♦✉t ♦♥❡ ❤❛❧❢ ♦❢ t❤❡ t♦✲
t❛❧ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ❝♦♥s✐st❡❞ ♦❢ ❣r❡❡♥ ❧❡❛✈❡s✱ ✇❤✐❧❡ ✇♦♦❞ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s
❝♦♥tr✐❜✉t❡❞ ❡q✉❛❧❧② t♦ t❤❡ ♦t❤❡r ❤❛❧❢✳ ❲❤✐❧❡ t❤❡ s♣❛t✐❛❧ ❛rr❛♥❣❡♠❡♥t ❛♥❞ ♣❛t❝❤
s✐③❡ ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞ ♦♣❡♥ ✇❛t❡r ❞✐❞ ♥♦t s✐❣♥✐✜❝❛♥t❧② ✐♥✢✉❡♥❝❡ t❤❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✱ ✐t ❝♦♥tr✐❜✉t❡❞ t♦ t❤❡ ❧❛r❣❡ ✈❛r✐❛❜✐❧✐t② ❛t t❤❡ ❧♦❝❛❧
s❝❛❧❡✳ ❚❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✇✐t❤✐♥ s✐♥❣❧❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ♣♦t❡♥✲
t✐❛❧❧② ❛✛❡❝ts ❧❛r❣❡r s❝❛❧❡ ❡♥❡r❣②✱ ✇❛t❡r✱ ❛♥❞ ❝❛r❜♦♥ ✢✉①❡s ❛s ♦t❤❡r st✉❞✐❡s s❤♦✇❡❞
t❤❛t ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❛♥❞ ♣r✐♠❛r② ♣r♦❞✉❝t✐✈✐t② ❛r❡ s❡♥s✐t✐✈❡ t♦ ❧♦❝❛❧ ✈❛r✐❛❜✐❧✐t②
♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✳
✶❉❡♣❛rt♠❡♥t ♦❢ ❊✈♦❧✉t✐♦♥❛r② ❇✐♦❧♦❣② ❛♥❞ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙t✉❞✐❡s✱ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤✱ ❲✐♥t❡rt❤✉r✲
❡rstr❛ss❡ ✶✾✵✱ ✽✵✺✼ ❩✉r✐❝❤✱ ❙✇✐t③❡r❧❛♥❞
✷❈❡♥tr❡ ❞✬❊t✉❞❡s ❙♣❛t✐❛❧❡s ❞❡ ❧❛ ❇■❖s♣❤èr❡ ✭❈❊❙❇■❖✮ ✲ ❈◆❊❙✱ ❈◆❘❙✱ ■❘❉✱ ❯♥✐✈❡rs✐té ❞❡ ❚♦✉❧♦✉s❡✱
✸✶✹✵✶ ❚♦✉❧♦✉s❡ ❝❡❞❡① ✾✱ ❋r❛♥❝❡
✸❘❡♠♦t❡ ❙❡♥s✐♥❣ ▲❛❜♦r❛t♦r✐❡s✱ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤✱ ❲✐♥t❡rt❤✉r❡rstr❛ss❡ ✶✾✵✱ ✽✵✺✼ ❩✉r✐❝❤✱ ❙✇✐t③❡r✲
❧❛♥❞
✹■♥st✐t✉t❡ ❢♦r ❇✐♦❧♦❣✐❝❛❧ Pr♦❜❧❡♠s ♦❢ ❈r②♦❧✐t❤♦③♦♥❡✱ ❙✐❜❡r✐❛♥ ❇r❛♥❝❤ ♦❢ ❘✉ss✐❛♥ ❆❝❛❞❡♠② ♦❢ ❙❝✐✲
❡♥❝❡s✱ ✹✶ ▲❡♥✐♥ ❆✈❡♥✉❡✱ ❨❛❦✉ts❦✱ ❨❛❦✉t✐❛ ✻✼✼✾✽✵✱ ❘✉ss✐❛♥ ❋❡❞❡r❛t✐♦♥
✻✸
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
❙✉❜♠✐tt❡❞ t♦ ❘❡♠♦t❡ ❙❡♥s✐♥❣ ♦❢ ❊♥✈✐r♦♥♠❡♥t ✇✐t❤ r❡❢❡r❡♥❝❡s ♠❡r❣❡❞ ❛t t❤❡
❡♥❞ ♦❢ t❤✐s t❤❡s✐s✳
■✳❏✳ ❝♦♥❝❡✐✈❡❞ t❤❡ st✉❞②✱ ❝❛rr✐❡❞ ♦✉t t❤❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✱ ♣❡r❢♦r♠❡❞ t❤❡ ❞❛t❛
❛♥❛❧②s✐s ❛♥❞ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ ❛♥❞ ✇r♦t❡ t❤❡ ♠❛♥✉s❝r✐♣t✳ ▼✳■✳✲●✳
❝❛rr✐❡❞ ♦✉t ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❝♦♥tr✐❜✉t❡❞ t♦ t❤❡ ♠❛♥✉s❝r✐♣t ♣r❡♣❛r❛t✐♦♥✳ ❏✳✲
P✳●✳✲❊✳ ♣r♦✈✐❞❡❞ ✐♥♣✉t ♦♥ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ ❛♥❞ ♦♥ t❤❡ ♠❛♥✉s❝r✐♣t✳
▼✳❊✳❙✳ ❝♦♥tr✐❜✉t❡❞ t♦ t❤❡ ❞❛t❛ ❛♥❛❧②s✐s ❛♥❞ t❤❡ ✇r✐t✐♥❣ ♦❢ t❤❡ ♠❛♥✉s❝r✐♣t✳ ●✳❙✳✲❙✳
❝♦♥❝❡✐✈❡❞ t❤❡ st✉❞②✱ ❝❛rr✐❡❞ ♦✉t ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✱ ❛♥❞ ♣r♦✈✐❞❡❞ ✐♥♣✉t ❢♦r t❤❡ ❞❛t❛
❛♥❛❧②s✐s ❛♥❞ t❤❡ ♠❛♥✉s❝r✐♣t✳
✻✹
✹✳✶ ■♥tr♦❞✉❝t✐♦♥
❱❡❣❡t❛t✐♦♥ ✐s ❛♥ ✐♠♣♦rt❛♥t ♣❛rt ♦❢ t❤❡ ❝❧✐♠❛t❡ s②st❡♠ ❛s ✐t ❞♦❡s ♥♦t ♦♥❧② r❡❛❝t
t♦ ❝❧✐♠❛t✐❝ ❞r✐✈❡rs ❜✉t ❛❧s♦ ✐♥✢✉❡♥❝❡s ❝❧✐♠❛t❡ t❤r♦✉❣❤ ❝❤❛♥❣✐♥❣ ❊❛rt❤✬s s✉r❢❛❝❡
♣r♦♣❡rt✐❡s✳ ❆r❝t✐❝ ❣r❡❡♥✐♥❣✱ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ ❡①♣❛♥s✐♦♥ ♦❢ s❤r✉❜s ✐♥ t✉♥❞r❛ ❛r❡❛s✱
✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ r❡❝❡♥t ❝❧✐♠❛t❡ ✇❛r♠✐♥❣ ✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✶❜❀ ▼②❡rs✲❙♠✐t❤ ❡t ❛❧✳✱
✷✵✶✶❀ ❋r❛s❡r ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❚❤✐s ❣r❡❡♥✐♥❣ ❞✐r❡❝t❧② ❛✛❡❝ts t❤❡ s✉r❢❛❝❡ ❛❧❜❡❞♦✱ ✇❤✐❝❤
❢❡❡❞s ❜❛❝❦ t♦ ❝❧✐♠❛t❡ t❤r♦✉❣❤ ❧❛r❣❡ s❝❛❧❡ ✇❛r♠✐♥❣ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✺❀ ▲♦r❛♥t②
❡t ❛❧✳✱ ✷✵✶✶✮✳ ❱❡❣❡t❛t✐♦♥ ❡✛❡❝ts ♦♥ ♣❡r♠❛❢r♦st t❤❛✇ ❛r❡ ♠♦r❡ ❝♦♠♣❧❡① s✐♥❝❡ ✐♥❝r❡❛s❡❞
✈❡❣❡t❛t✐♦♥ ❞❡♥s✐t② ❝❛♥♥♦t ♦♥❧② ❧❡❛❞ t♦ ❛t♠♦s♣❤❡r✐❝ ✇❛r♠✐♥❣ ❜✉t ❛❧s♦ ♣❛rt❧② ❞❡❝♦✉♣❧❡
♣❡r♠❛❢r♦st ❢r♦♠ t❤❡ ❛t♠♦s♣❤❡r❡ t❤r♦✉❣❤ ✐♥s✉❧❛t✐♦♥ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣ ✭❊✉❣st❡r ❡t ❛❧✳✱
✷✵✵✵❀ ❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✸❜❀ ❈❛♥♥♦♥❡ ❛♥❞ ●✉❣❧✐❡❧♠✐♥✱ ✷✵✵✾❀ ❇r✐❣❣s ❡t ❛❧✳✱ ✷✵✶✹✮✳
❚✉♥❞r❛ ❧❛♥❞s❝❛♣❡s t②♣✐❝❛❧❧② s❤♦✇ s♠❛❧❧ s❝❛❧❡ ♣❛tt❡r♥s ✐♥❝❧✉❞✐♥❣ ✇❛t❡r ❜♦❞✐❡s ❛♥❞
❞✐st✐♥❝t ✈❡❣❡t❛t✐♦♥ ♣❛tt❡r♥s ✭❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲❛♥❞s❝❛♣❡ ✈❛r✐❛t✐♦♥ ❛♥❞ ❛ss♦❝✐✲
❛t❡❞ ❞✐✛❡r❡♥❝❡s ✐♥ s♦✐❧ ♠♦✐st✉r❡✱ ♥✉tr✐❡♥ts✱ ❛♥❞ ♣❍ ❝❛♥ ❧❡❛❞ t♦ ❞✐✛❡r❡♥t ✈❡❣❡t❛t✐♦♥
❝♦♠♣♦s✐t✐♦♥ ✇✐t❤✐♥ ♠❡t❡rs ✭❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✶✶❀ ▼✉st❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❚❤❡s❡ ♣❛tt❡r♥s
❝❛♥ ❡✐t❤❡r r❡♠❛✐♥ st❛❜❧❡ ♦✈❡r ❞❡❝❛❞❡s ✭●❛♠♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮ ♦r ❝❤❛♥❣❡ r❛♣✐❞❧② ❢♦r
❡①❛♠♣❧❡ ❞✉❡ t♦ ♣❡r♠❛❢r♦st ❞❡❣r❛❞❛t✐♦♥ ✭❙❝❤✉✉r ❡t ❛❧✳✱ ✷✵✶✺✮✳ ▲❛r❣❡ s❝❛❧❡ ✈❡❣❡t❛t✐♦♥
❞②♥❛♠✐❝s ❛r❡ ❛❧s♦ ❛✛❡❝t❡❞ ❜② ✇❡t❧❛♥❞ ❛r❡❛ ❛♥❞ t❤❡ ✇❛t❡r ❜✉❞❣❡t✳ ❲❤✐❧❡ ❛♥ ✐♥❝r❡❛s❡
✐♥ ❧❛❦❡ ❛♥❞ ✇❡t❧❛♥❞ ❛r❡❛ ❤❛s ❜❡❡♥ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❙✐❜❡r✐❛♥ t✉♥❞r❛ ✭❙♠✐t❤ ❡t ❛❧✳✱
✷✵✵✺❀ ▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷✮✱ t❤❡ ❆♠❡r✐❝❛♥ ❆r❝t✐❝ s❤♦✇s ❛ ❞r②✐♥❣ tr❡♥❞ ✭❖❡❝❤❡❧ ❡t ❛❧✳✱
✷✵✵✵❀ ❈❛rr♦❧❧ ❡t ❛❧✳✱ ✷✵✶✶❀ ❏♦♥❡s ❡t ❛❧✳✱ ✷✵✶✶❀ ▲✐♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❙❤r✉❜s s✉❝❤ ❛s ❞✇❛r❢
❜✐r❝❤ ✭❇❡t✉❧❛ ♥❛♥❛✮ ♣r♦✜t ❢r♦♠ ✇❛r♠✐♥❣ ❛♥❞ ❢❡rt✐❧✐s❛t✐♦♥ ❛♥❞ ❜❡❝♦♠❡ ✐♥❝r❡❛s✐♥❣❧②
❞♦♠✐♥❛♥t ✭❇r❡t✲❍❛rt❡ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❈❤❛♥❣❡s ✐♥ ✈❡❣❡t❛t✐♦♥ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❝❧✐♠❛t❡
❤❛✈❡ ❧❡❞ t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ♣r♦❞✉❝t✐✈✐t② ✭❞❡ ❏♦♥❣ ❡t ❛❧✳✱ ✷✵✶✸✮ ❛♥❞ ❛ ❞❡❝r❡❛s❡ ✐♥
❣r♦✇✐♥❣ s❡❛s♦♥ ❧❡♥❣t❤ ✭❙✇❡❡t ❡t ❛❧✳✱ ✷✵✶✺❀ ●❛r♦♥♥❛ ❡t ❛❧✳✱ ✷✵✶✻✮ ✐♥ ♠❛♥② t✉♥❞r❛
r❡❣✐♦♥s✳
❱❡❣❡t❛t✐♦♥ ❢❡❡❞s ❜❛❝❦ t♦ ❝❧✐♠❛t❡ t❤r♦✉❣❤ t❤❡ s✉r❢❛❝❡ ❡♥❡r❣② ❜✉❞❣❡t✳ ❉❡♥s✐✜✲
❝❛t✐♦♥ ♦❢ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ r❡❞✉❝❡s t❤❡ s✉r❢❛❝❡ ❛❧❜❡❞♦ ❛♥❞ t❤✉s ❛♠♣❧✐✜❡s ✇❛r♠✐♥❣
✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❆s t❤❡ t♦♣ s♦✐❧ t❡♠♣❡r❛t✉r❡ ✐s ✐♥✢✉❡♥❝❡❞ ❜② ❝❛♥♦♣② s❤❛❞✐♥❣✱
❛❧s♦ t❤❡ ♦✉t❣♦✐♥❣ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ✐s ❛✛❡❝t❡❞ ❜② ✈❡❣❡t❛t✐♦♥ ✭❲❡st❡r♠❛♥♥ ❡t ❛❧✳✱
✷✵✶✶✮✳ ❋✉rt❤❡r♠♦r❡✱ ✈❡❣❡t❛t✐♦♥ ❛❧t❡rs s✉r❢❛❝❡ r♦✉❣❤♥❡ss ❛♥❞ ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✱
✇❤✐❝❤ ❧❡❛❞s t♦ ❝❤❛♥❣❡s ♦❢ t❤❡ t✉r❜✉❧❡♥t ❤❡❛t ✢✉①❡s ✭❇♦✉❞r❡❛✉ ❛♥❞ ❘♦✉s❡✱ ✶✾✾✺✮✳
P❡r♠❛❢r♦st ✐s ❛✛❡❝t❡❞ ❜② ✈❡❣❡t❛t✐♦♥ ❝♦✈❡r ✐♥ ♠✉❧t✐♣❧❡ ✇❛②s✳ ❖♥ ♦♥❡ ❤❛♥❞✱ ✈❡❣❡✲
t❛t✐♦♥ s❤❛❞❡s t❤❡ ❣r♦✉♥❞ ❛♥❞ t❤✉s r❡❞✉❝❡s t❤❡ ❛♠♦✉♥t ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ t❤❛t
✐s ❛❜s♦r❜❡❞ ❜② t❤❡ s♦✐❧ ✭❇❡♥♥✐♥❣❤♦✛ ✱ ✶✾✺✷❀ ❇r✐❣❣s ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱
✈❛s❝✉❧❛r ♣❧❛♥ts ✐♥✢✉❡♥❝❡ ♠♦ss ❛❜✉♥❞❛♥❝❡ t❤r♦✉❣❤ s❤❛❞✐♥❣ ❛♥❞ ❧✐tt❡r ♣r♦❞✉❝t✐♦♥
✭✈❛♥ ❲✐❥❦ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ▼♦ss❡s ❝❛♥ str♦♥❣❧② ✐♥s✉❧❛t❡ t❤❡ s♦✐❧ ❢r♦♠ ❛✐r t❡♠♣❡r❛t✉r❡
✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✶❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ❆❞❞✐t✐♦♥❛❧ ♣r♦❝❡ss❡s✱ s✉❝❤ ❛s tr❛♣♣✐♥❣ ♦❢
s♥♦✇ ❜② ✈❡❣❡t❛t✐♦♥ ✭P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✵✻✮✱ ❢✉rt❤❡r ✐♥✢✉❡♥❝❡ t❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥
✻✺
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
✈❡❣❡t❛t✐♦♥ ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇✳
❈✉rr❡♥t❧②✱ ❧✐tt❧❡ ✐s ❦♥♦✇♥ ❛❜♦✉t t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ♣❛tt❡r♥❡❞ t✉♥❞r❛ ❧❛♥❞✲
s❝❛♣❡s✳ ❲❤✐❧❡ s❛t❡❧❧✐t❡ ♦❜s❡r✈❛t✐♦♥s ❛r❡ t♦♦ ❝♦❛rs❡ t♦ r❡s♦❧✈❡ ✜♥❡ s❝❛❧❡ ❞✐✛❡r❡♥❝❡s
❛♠♦♥❣ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭▼✉st❡r ❡t ❛❧✳✱ ✷✵✶✷✮✱ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧s ❡♥❛❜❧❡
t❤❡ q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❝♦♠♣♦♥❡♥ts ✐♥ ❤❡t❡r♦❣❡♥❡♦✉s ❧❛♥❞✲
s❝❛♣❡s ✭❙❝❤♥❡✐❞❡r ❡t ❛❧✳✱ ✷✵✶✹✮✳
❚❤❡ ❛✐♠ ♦❢ t❤✐s st✉❞② ✐s t♦ q✉❛♥t✐❢② t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ❤❡t❡r♦✲
❣❡♥❡♦✉s t✉♥❞r❛✳ ❚❤❡ ❢♦❝✉s ✐s ♦♥ ✐♥❝r❡❛s✐♥❣ t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❞r✐✈❡rs ♦❢ ❝❛♥♦♣②
❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❛❜s♦r❜❡❞ r❛❞✐❛t✐♦♥ ❢r♦♠ ♣❛t❝❤ t♦ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✳ ❯s✲
✐♥❣ ❛ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧✱ ✇❡ ♣r♦✈✐❞❡ ✐♥s✐❣❤ts ✐♥t♦ t②♣✐❝❛❧ ❧❡♥❣t❤ s❝❛❧❡s
♦❢ ❤♦r✐③♦♥t❛❧ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❲❡ ✜rst ❛ss❡ss❡❞ t❤❡ ❝✉rr❡♥t
✈❡❣❡t❛t✐♦♥ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ❛t t❤❡ ❑②t❛❧②❦ r❡s❡❛r❝❤ s✐t❡ ✐♥ ♥♦rt❤✲
❡❛st ❙✐❜❡r✐❛✳ ❙❡❝♦♥❞❧②✱ ✇❡ ♣❛r❛♠❡tr✐s❡❞ t❤❡ ❉❆❘❚ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧
✭●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ❡t ❛❧✳✱ ✷✵✵✹❀ ●r❛✉ ❛♥❞ ●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ✱ ✷✵✶✸✮ ❢♦r t❤❡ ♠❛✲
❥♦r ✈❡❣❡t❛t✐♦♥ t②♣❡s ♣r❡s❡♥t ❛t t❤❡ s✐t❡ ❛♥❞ q✉❛♥t✐✜❡❞ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
❢♦r ✷✶ tr❛♥s❡❝ts r❛♥❣✐♥❣ ❢r♦♠ ❞✇❛r❢ ❜✐r❝❤ ✈❡❣❡t❛t✐♦♥ t♦ ♦t❤❡r ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞
✇❛t❡r s✉r❢❛❝❡s✳
✹✳✷ ▼❡t❤♦❞s
✹✳✷✳✶ ❋✐❡❧❞ s✐t❡
❖✉r ✜❡❧❞ s✐t❡ ✐s t❤❡ ❑②t❛❧②❦ ♥❛t✉r❡ r❡s❡r✈❡ ❧♦❝❛t❡❞ ✐♥ t❤❡ ■♥❞✐❣✐r❦❛ ❧♦✇❧❛♥❞s✱ ♥♦rt❤✲
❡❛st ❙✐❜❡r✐❛ ✭70.8 ➦N✱ 147.5 ➦E✱ ❋✐❣✉r❡ ✹✳✶❛✮✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❝✐r❝✉♠♣♦❧❛r ❆r❝t✐❝
✈❡❣❡t❛t✐♦♥ ♠❛♣✱ ✈❡❣❡t❛t✐♦♥ ✐s ❝❧❛ss✐✜❡❞ ❛s t✉ss♦❝❦ s❡❞❣❡✱ ❞✇❛r❢ s❤r✉❜✱ ♠♦ss t✉♥❞r❛
✭❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ▲♦✇ s❤r✉❜ t✉♥❞r❛ ✭♠❛✐♥❧② ❙❛❧✐① ♣✉❧❝❤r❛✮ ♦❝❝✉rs ❛❧♦♥❣ r✐✈❡rs
❛♥❞ ❛t ❧❛❦❡ s❤♦r❡s✳ ❚❤❡ ❛r❡❛ ✐s ❞♦♠✐♥❛t❡❞ ❜② ❝♦♥t✐♥✉♦✉s ♣❡r♠❛❢r♦st ♦❢ s❡✈❡r❛❧ ❤✉♥✲
❞r❡❞ ♠❡t❡rs ❞❡♣t❤ ✭❘♦♠❛♥♦✈s❦✐✐ ❡t ❛❧✳✱ ✷✵✵✹✮ ✇✐t❤ ❛♥ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ♦❢ ✶✷ t♦
50 cm ✭▼✐ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❚❤❡ ❑②t❛❧②❦ ✜❡❧❞ s✐t❡ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ✈❛♥ ❞❡r
▼♦❧❡♥ ❡t ❛❧✳ ✭✷✵✵✼✮❀ ◆❛✉t❛ ❡t ❛❧✳ ✭✷✵✶✺✮ ❛♥❞ ❏✉s③❛❦ ❡t ❛❧✳ ✭✷✵✶✻❛✮✳ ❚❤❡ s✐③❡ ♦❢ ♦✉r
st✉❞② ❛r❡❛ ✐s 1.4 km× 2 km ✭❋✐❣✉r❡ ✹✳✶❜✮✳
✹✳✷✳✷ ❘❡♠♦t❡ s❡♥s✐♥❣ ❞❛t❛ ❛♥❞ ♣r♦❞✉❝ts
❲❡ ✉s❡❞ ❛ ❣r♦✉♥❞ r❡❢❡r❡♥❝❡❞ ♦rt❤♦♠♦s❛✐❝ ❢r♦♠ ❛ ❯❆❱ ✭✉♥♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡✱
❡❇❡❡✱ s❡♥s❡❋❧②✮✱ ❛❝q✉✐r❡❞ ✇✐t❤ ❞✐❣✐t❛❧ ❝❛♠❡r❛s ✐♥ ❢♦✉r s♣❡❝tr❛❧ ❜❛♥❞s ✭r❡❞✱ ❣r❡❡♥✱
❜❧✉❡✱ ❛♥❞ ♥❡❛r ✐♥❢r❛✲r❡❞ ✭◆■❘✮✮ t♦ ❣❡♥❡r❛t❡ ❛ ◆❉❱■ ✭◆♦r♠❛❧✐③❡❞ ❉✐✛❡r❡♥❝❡ ❱❡❣❡t❛✲
t✐♦♥ ■♥❞❡①✮ ♠❛♣✱ ❛ ❉❙▼ ✭❞✐❣✐t❛❧ s✉r❢❛❝❡ ♠♦❞❡❧✮✱ ❛♥❞ ❛ ❧❛♥❞❝♦✈❡r ♠❛♣ ♦❢ ❞♦♠✐♥❛♥t
✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❚❤❡ ♠❛♣ ♣r♦❞✉❝ts ❤❛✈❡ ❛ s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥ ♦❢ 5 cm ❛♥❞ ❛♥ ❡①t❡♥t
♦❢ 1.4 km× 2 km✳
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✭❜✮✭❛✮
✵ 500m
↑◆
❱❡❣❡t❛t✐♦♥ ♣r♦♣❡rt✐❡s
❱❡❣❡t❛t✐♦♥ t②♣❡
⋆ ❙t✉❞② s✐t❡
❚✉♥❞r❛
❋✐❣✉r❡ ✹✳✶✿ ✭❛✮ ▲♦❝❛t✐♦♥ ♦❢ t❤❡ st✉❞② s✐t❡ ✐♥ ♥♦rt❤❡❛st ❙✐❜❡r✐❛ ❛♥❞ ❡①t❡♥t ♦❢ ❆r❝t✐❝ t✉♥✲
❞r❛ ✭♦r❛♥❣❡✱ ❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✺✮ ❛♥❞ ✭❜✮ ♦rt❤♦♠♦s❛✐❝ ♦❢ t❤❡ st✉❞② s✐t❡ ✐♥❝❧✉❞✐♥❣
♠❡❛s✉r❡♠❡♥t ❧♦❝❛t✐♦♥s ♦❢ ✈❡❣❡t❛t✐♦♥ ♣r♦♣❡rt✐❡s ✭r❡❞✮ ❛♥❞ r❡❢❡r❡♥❝❡ ♣♦✐♥ts ❢♦r ✈❡❣❡✲
t❛t✐♦♥ ♠❛♣♣✐♥❣ ✭②❡❧❧♦✇✱ ♣♦✐♥t s✐③❡ ✐♥❞✐❝❛t❡s r❡♣r❡s❡♥t❡❞ ❛r❡❛✮✳
❖rt❤♦♠♦s❛✐❝✱ ◆❉❱■✱ ❛♥❞ ❉❙▼
❚❤❡ ♦rt❤♦♠♦s❛✐❝✱ ✇❤✐❝❤ ✇❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❞r♦♥❡ ✢✐❣❤ts✱ r❡✈❡❛❧❡❞ s♦♠❡ ❛rt❡❢❛❝ts
❞✉❡ t♦ ✐♥❤♦♠♦❣❡♥❡♦✉s ✐❧❧✉♠✐♥❛t✐♦♥ ❞✉r✐♥❣ ❛♥❞ ❜❡t✇❡❡♥ ✢✐❣❤ts ✭❋✐❣✉r❡ ✹✳✷❛✮✳ ❚❤❡s❡
❛rt❡❢❛❝ts ♣r♦♣❛❣❛t❡❞ t♦ t❤❡ ◆❉❱■ ♠❛♣✱ s♣❛t✐❛❧ ✐♥♣✉t ✈❛r✐❛❜❧❡s✱ ❛♥❞ t❤❡ ✈❡❣❡t❛t✐♦♥
♠❛♣ ✭❋✐❣✉r❡ ✹✳✷❜✮✳ ❲❡ ❡st✐♠❛t❡❞ t❤❡ ◆❉❱■ ❢r♦♠ t❤❡ r❡❞ ✭ρred✮ ❛♥❞ ◆■❘ r❡✢❡❝t❛♥❝❡
✭ρNIR✮✿
NDVI =
ρNIR − ρred
ρNIR + ρred
✭✹✳✶✮
❚❤❡ ❉❙▼ ✇❛s ❣❡♥❡r❛t❡❞ ❢r♦♠ t❤❡ ♣♦✐♥t ❝❧♦✉❞ ✇❤✐❝❤ ✇❛s ❝r❡❛t❡❞ ❞✉r✐♥❣ t❤❡ ✐♠❛❣❡
♠❛t❝❤✐♥❣✳ ■t ✉s❡s ♥♦✐s❡ ✜❧t❡r✐♥❣ ❛♥❞ s✉r❢❛❝❡ s♠♦♦t❤✐♥❣ t♦ ♠✐♥✐♠✐s❡ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢
❛rt❡❢❛❝ts ✐♥ t❤❡ ♠♦❞❡❧ ✭P♦st✢✐❣❤t ❚❡rr❛ ✸❉✱ ❱❡rs✐♦♥ ✹✳✵✳✽✸✮✳ ❚❤❡ ❡❧❡✈❛t✐♦♥ ❞✐✛❡r❡♥❝❡
❜❡t✇❡❡♥ t❤❡ r✐✈❡r ❛♥❞ t❤❡ ❤✐❣❤❡st ❛r❡❛ ♦❢ t❤❡ r✐❞❣❡ ✇❛s ❛❜♦✉t 23m✳ ❋✐♥❡ s❝❛❧❡
❞r❛✐♥❛❣❡ ♣❛tt❡r♥s ❝♦✉❧❞ ❜❡ ❞❡t❡❝t❡❞ ✐♥ t❤❡ ❉❙▼✱ ❢♦r ❡①❛♠♣❧❡ ✐♥ t❤❡ ❛r❡❛ ♦❢ t❤❡
❞r❛✐♥❡❞ t❤❛✇ ❧❛❦❡ ❜❡❞✳ ❚❤❡ ❉❙▼ s❤♦✇❡❞ s♠❛❧❧ s❝❛❧❡ ❤❡✐❣❤t ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥
t❤❡ ❡❧❡✈❛t❡❞ s❤r✉❜ ♣❛t❝❤❡s ❛♥❞ ✇❡t s❡❞❣❡ ❞❡♣r❡ss✐♦♥s✳ ❚❤❡ ❉❙▼ r❡♣r❡s❡♥t❡❞ ❛
❧❡✈❡❧ ❜❡t✇❡❡♥ t❤❡ t♦♣ ♦❢ ❝❛♥♦♣② ❛♥❞ t❤❡ s♦✐❧ s✉r❢❛❝❡✳ ❙✐♥❝❡ t❤❡ ✈❡❣❡t❛t✐♦♥ ✇❛s
❧♦✇ ✭< 0.8m✮ ❛♥❞ ♠♦st❧② s♣❛rs❡ ✭❛✈❡r❛❣❡ ▲❆■ ♦❢ ❛❧❧ ✈❛s❝✉❧❛r ✈❡❣❡t❛t✐♦♥ t②♣❡s <
1.5✮✱ s♦♠❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ♣♦✐♥ts ❢♦r t❤❡ ❉❙▼ ♠❛② ❤❛✈❡ ❜❡❡♥ ♠❛♣♣❡❞ ❛t t❤❡ s♦✐❧
s✉r❢❛❝❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❉❙▼ ✇❛s s♠♦♦t❤❡❞ ❜② t❤❡ ✜❧t❡r✐♥❣ ♣r♦❝❡ss✳ ❚❤✉s ✇❡
❝♦♥s✐❞❡r❡❞ t❤❡ ❉❙▼ ❛♥ ❛♣♣r♦♣r✐❛t❡ ❛♣♣r♦①✐♠❛t✐♦♥ ♦❢ t❤❡ ❣r♦✉♥❞ ❡❧❡✈❛t✐♦♥ ❛♥❞ ✉s❡❞
✐t ❛s t♦♣♦❣r❛♣❤✐❝ ✐♥♣✉t ❢♦r ♠♦❞❡❧❧✐♥❣✳
✻✼
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
✭❛✮
❘✐❞❣❡
❉r❛✐♥❡❞ t❤❛✇ ❧❛❦❡ ❜❡❞
❚r❛♥s❡❝t
✵ 500m
↑◆
●✹ ❚✉ss♦❝❦ s❡❞❣❡
❙✶✲✶ ❉✇❛r❢ ❜✐r❝❤
❙✶✲✷ ▲✐❝❤❡♥✲r✐❝❤ s❤r✉❜
❙✷ ▲♦✇ s❤r✉❜
❲✷✲✶ ❲❡t s❡❞❣❡
❲✷✲✷ ❉r② s❡❞❣❡
❲✷✲✸ P❡❛t ♠♦ss
❲✷✲✹ ❲❛t❡r❧♦❣❣❡❞ s❡❞❣❡
❲❛t❡r
✭❜✮
✵ 500m
↑◆
❋✐❣✉r❡ ✹✳✷✿ ✭❛✮ ❖rt❤♦♠♦s❛✐❝ ♦❢ t❤❡ st✉❞② ❛r❡❛ ✭1.4 km×2 km✮ ✐♥❝❧✉❞✐♥❣ t❤❡ ❧♦❝❛t✐♦♥s ♦❢
✷✶ tr❛♥s❡❝ts ❛♥❞ ✭❜✮ ✈❡❣❡t❛t✐♦♥ ♠❛♣✳
✻✽
❱❡❣❡t❛t✐♦♥ ♠❛♣
❚❤❡ r❡❢❡r❡♥❝❡ ♣♦✐♥ts ❢♦r tr❛✐♥✐♥❣ ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✇❡r❡ ❛❝q✉✐r❡❞
✐♥ t❤❡ ✜❡❧❞ ✭❋✐❣✉r❡ ✹✳✶❜✮✳ ❲❡ ❞❡✜♥❡❞ ❡✐❣❤t ✈❡❣❡t❛t✐♦♥ t②♣❡s ❜❛s❡❞ ♦♥ t❤❡ ❝❧❛ss
❞❡✜♥✐t✐♦♥ ✐♥ t❤❡ ❝✐r❝✉♠♣♦❧❛r ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✭❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✺✮ ✇❤✐❝❤
✇❡ s♣❧✐t ✐♥t♦ s✉❜✲❝❧❛ss❡s ❞❡♣❡♥❞✐♥❣ ♦♥ s♣❡❝✐❡s ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s
✭❚❛❜❧❡ ✹✳✶✮✳ ❲❡ ♣❡r❢♦r♠❡❞ s✉♣❡r✈✐s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ✭❊◆❱■✱ ❱❡rs✐♦♥ ✺✳✷✮✳ ❚♦ ❛ss❡ss
t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❛❝❝✉r❛❝②✱ ✇❡ t♦♦❦ ❛ r❛♥❞♦♠ s✉❜s❡t ♦❢ t❤❡ ✈❛❧✐❞❛t✐♦♥ ♣♦✐♥ts ✇✐t❤ ❛♥
❡q✉❛❧ ❛♠♦✉♥t ♦❢ ♣✐①❡❧s ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡ ✭✼✸✷ ♣✐①❡❧s✮✳ ❲❡ ❝♦♠♣✉t❡❞ t❤❡ ❝♦♥❢✉s✐♦♥
♠❛tr✐①✱ ✉s❡r✬s ❛❝❝✉r❛❝②✱ ♣r♦❞✉❝❡r✬s ❛❝❝✉r❛❝②✱ ❛♥❞ t❤❡ ❑❛♣♣❛ ❝♦❡✣❝✐❡♥t ✭❙tr❛❤❧❡r
❡t ❛❧✳✱ ✷✵✵✻✮✳
❚❛❜❧❡ ✹✳✶✿ ❱❡❣❡t❛t✐♦♥ ❝❧❛ss❡s ❢r♦♠ t❤❡ ❝✐r❝✉♠♣♦❧❛r ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✭❲❛❧❦❡r
❡t ❛❧✳✱ ✷✵✵✺✮ ❛♥❞ s✉❜✲❝❧❛ss❡s ❛s ❞❡✜♥❡❞ ❢♦r t❤✐s st✉❞②❀ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❝♦❧♦✉rs ✐♥❞✐❝❛t❡
t❤❡ ❝♦❧♦✉r ✉s❡❞ ❢♦r t❤✐s ✈❡❣❡t❛t✐♦♥ t②♣❡ ✐♥ ♠❛♣s ❛♥❞ ❣r❛♣❤s✳
❈❧❛ss ❙✉❜✲
❝❧❛ss
❉❡s❝r✐♣t✐♦♥
●✹ ❚✉ss♦❝❦ s❡❞❣❡ ✭❊r✐♦♣❤♦r✉♠ ✈❛❣✐♥❛t✉♠✮✱ ❞✇❛r❢ s❤r✉❜✱ ♠♦ss t✉♥❞r❛
❙✶ ❊r❡❝t ❞✇❛r❢ s❤r✉❜ t✉♥❞r❛ ✭< 40 cm✮
❙✶✲✶ ❉✇❛r❢ ❜✐r❝❤ ✭❇❡t✉❧❛ ♥❛♥❛✮ ❞♦♠✐♥❛t❡❞
❙✶✲✷ ▲✐❝❤❡♥✲r✐❝❤ s❤r✉❜✱ ❱❛❝❝✐♥✐✉♠ s♣♣✳ ❞♦♠✐♥❛t❡❞
❙✷ ▲♦✇ s❤r✉❜ t✉♥❞r❛ ✭> 40 cm✱ ❙❛❧✐① ♣✉❧❝❤r❛✮
❲✷ ❙❡❞❣❡✱ ♠♦ss✱ ❞✇❛r❢ s❤r✉❜ ✭< 40 cm✮ ✇❡t❧❛♥❞
❲✷✲✶ ❲❡t s❡❞❣❡✱ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ❞♦♠✐♥❛t❡❞✱ ❞❡♥s❡✱ ❣r❡❡♥
❲✷✲✷ ❉r② s❡❞❣❡✱ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ❛♥❞ ❙♣❤❛❣♥✉♠ s♣♣✳ ❞♦♠✐✲
♥❛t❡❞
❲✷✲✸ P❡❛t ♠♦ss ✭❙♣❤❛❣♥✉♠ s♣♣✳✮ ❞♦♠✐♥❛t❡❞
❲✷✲✹ ❲❛t❡r❧♦❣❣❡❞ s❡❞❣❡✱ ❈❛r❡① s♣♣✳ ❞♦♠✐♥❛t❡❞✱ ❢❡✇ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s
❲❛t❡r ❖♣❡♥ ✇❛t❡r
❇❡t✉❧❛ ❞✇❛r❢ s❤r✉❜s ✭❙✶✲✶✮ ❛♥❞ ❙❛❧✐① ❧♦✇ s❤r✉❜s ✭❙✷✮ ❝♦✈❡r❡❞ ❛❜♦✉t ✷✵✪ ♦❢ t❤❡
❧❛♥❞s❝❛♣❡✱ ❛♥♦t❤❡r ✸✾✪ ✇❛s ❝♦✈❡r❡❞ ❜② ❞❡♥s❡❧② ✈❡❣❡t❛t❡❞ ✇❡t❧❛♥❞s ✭❲✷✲✶✱ ❲✷✲✷✱
❲✷✲✸✮ ❛♥❞ ✽✪ ❜② ✇❛t❡r ❜♦❞✐❡s ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮✳ ❚❤❡ r❡♠❛✐♥✐♥❣
❛r❡❛ ✇❛s ❝❧❛ss✐✜❡❞ ❛s ❡✐t❤❡r t✉ss♦❝❦ s❡❞❣❡ ✭●✹✮ ♦r ❧✐❝❤❡♥✲r✐❝❤ ❞✇❛r❢ s❤r✉❜ t✉♥❞r❛
✭❙✶✲✷✮✳ ❚❤❡ ❑❛♣♣❛ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s ✵✳✹✹✱ t❤❡ ♦✈❡r❛❧❧
❛❝❝✉r❛❝② ✇❛s ✺✵✪✳ ❚❤❡ ❝♦♥❢✉s✐♦♥ ♠❛tr✐① ✭❚❛❜❧❡ ✹✳✷✮ ✐♥❞✐❝❛t❡s t❤❛t t✉ss♦❝❦ t✉♥❞r❛
✭●✹✮ ✇❛s s✐♠✐❧❛r t♦ ❧✐❝❤❡♥✲r✐❝❤ s❤r✉❜ t✉♥❞r❛ ✭❙✶✲✷✮✳ ❚❤❡r❡❢♦r❡✱ ❧❛r❣❡ ♣❛rts ♦❢ t❤❡
t✉ss♦❝❦ t✉♥❞r❛ ✐♥ t❤❡ ❛r❡❛ ♦❢ t❤❡ r✐❞❣❡ ❤❛✈❡ ❜❡❡♥ ♠✐s❝❧❛ss✐✜❡❞ ❛s ❙✶✲✷ ✭❋✐❣✉r❡ ✹✳✷❜✮✳
❋✉rt❤❡r♠♦r❡✱ ❞r② s❡❞❣❡s ✭❲✷✲✷✮ ❛♥❞ ♣❡❛t ♠♦ss t✉♥❞r❛ ✭❲✷✲✸✮ r❡s❡♠❜❧❡❞ ❡❛❝❤ ♦t❤❡r
✐♥ ❛♣♣❡❛r❛♥❝❡ ❛♥❞ ✭s❤❛❧❧♦✇✮ ✇❛t❡r ✇❛s ♦❢t❡♥ ❝❧❛ss✐✜❡❞ ❛s ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮✳
✻✾
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
❚❛❜❧❡ ✹✳✷✿ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❛ r❛♥❞♦♠ s✉❜s❡t ♦❢
t❤❡ ✈❛❧✐❞❛t✐♦♥ ❞❛t❛ ✇✐t❤ ❛♥ ❡q✉❛❧ ♥✉♠❜❡r ♦❢ ✈❛❧✐❞❛t✐♦♥ ♣✐①❡❧s ♣❡r ❝❧❛ss✳
▼❛♣ Pr♦❞✉❝❡r✬s
●✹ ❙✶✲✶ ❙✶✲✷ ❙✷ ❲✷✲✶ ❲✷✲✷ ❲✷✲✸ ❲✷✲✹ ❲❛t❡r ❛❝❝✉r❛❝② ✭✪✮
●
r♦
✉
♥
❞
tr
✉
t❤
●✹ ✶✻✵ ✹✶ ✹✻✽ ✵ ✹✼ ✻ ✶✵ ✵ ✵ ✷✷
❙✶✲✶ ✶✸✸ ✷✾✼ ✷✹✵ ✵ ✹✸ ✶✺ ✵ ✹ ✵ ✹✶
❙✶✲✷ ✺✹ ✹✸ ✹✽✸ ✵ ✾✾ ✸✼ ✶✻ ✵ ✵ ✻✻
❙✷ ✶ ✷✼ ✷ ✻✺✷ ✶✾ ✷ ✵ ✷✽ ✶ ✽✾
❲✷✲✶ ✶✽ ✶✵✹ ✶✹ ✵ ✸✸✽ ✶✽✽ ✹✾ ✷✶ ✵ ✹✻
❲✷✲✷ ✶✽ ✵ ✶✻✷ ✵ ✶✼ ✹✵✼ ✶✷✽ ✵ ✵ ✺✻
❲✷✲✸ ✵ ✵ ✼✽ ✵ ✵ ✹✷✹ ✷✸✵ ✵ ✵ ✸✶
❲✷✲✹ ✶✾ ✷✼ ✵ ✵ ✶✵ ✸ ✵ ✻✺✹ ✶✾ ✽✾
❲❛t❡r ✵ ✵ ✹ ✵ ✶✺ ✶ ✵ ✻✷✾ ✽✸ ✶✶
❯s❡r✬s
✹✵ ✺✺ ✸✸ ✶✵✵ ✺✼ ✸✽ ✺✸ ✹✾ ✽✶
❖✈❡r❛❧❧
❛❝❝✉r❛❝②
✺✵✪
✭✪✮
✹✳✷✳✸ ❱❡❣❡t❛t✐♦♥ ❝❤❛r❛❝t❡r✐st✐❝s ✉s❡❞ ❛s ♠♦❞❡❧ ✐♥♣✉t ✈❛r✐❛❜❧❡s ❛♥❞
♣❛r❛♠❡t❡rs
❚❤❡ ❛❜♦✈❡ ✈❡❣❡t❛t✐♦♥ ❝❧❛ss❡s ✇❡r❡ ♠♦❞❡❧❧❡❞ ✐♥ t❤❡ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❉❆❘❚
❜❛s❡❞ ♦♥ ✈❡❣❡t❛t✐♦♥ t②♣❡ s♣❡❝✐✜❝ ✈❛r✐❛❜❧❡s ❛♥❞ ♣❛r❛♠❡t❡rs✳ ❲❡ ✉s❡ t❤❡ t❡r♠ ❵✈❛r✐✲
❛❜❧❡✬ ❢♦r s♣❛t✐❛❧❧② ✈❛r②✐♥❣ ♠♦❞❡❧ ✐♥♣✉t ❞❛t❛ ❛♥❞ t❤❡ t❡r♠ ❵♣❛r❛♠❡t❡r✬ ❢♦r s♣❛t✐❛❧❧②
✐♥✈❛r✐❛♥t ♠♦❞❡❧ ✐♥♣✉t ✇✐t❤✐♥ ❛ ❣✐✈❡♥ ✈❡❣❡t❛t✐♦♥ t②♣❡✳ ❚❤❡ ✈❛r✐❛❜❧❡s ❛r❡ ❣r❡❡♥ ❛♥❞
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢✱ ❛♥❞ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ❛s ✇❡❧❧ ❛s ❝❛♥♦♣② ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢
❤❡✐❣❤t✳
❋♦r ❡❛❝❤ ✈❡❣❡t❛t✐♦♥ t②♣❡✱ ✇❡ ❡✐t❤❡r ♠❡❛s✉r❡❞ t❤❡ ✈❛r✐❛❜❧❡s ✐♥ t❤❡ ✜❡❧❞ ♦r ❝♦♠♣✐❧❡❞
✈❛❧✉❡s ❢r♦♠ ❧✐t❡r❛t✉r❡ ✭s❡❡ ❆♣♣❡♥❞✐① ❙❡❝t✐♦♥ ✹✳❆✳✶ ❢♦r ❞❡t❛✐❧s✮✳ ❲❡ ❝♦♠♣✉t❡❞ s♣❛✲
t✐❛❧❧② ✈❛r②✐♥❣ ❣r❡❡♥ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✭▲❆■✮ ❢r♦♠ ◆❉❱■ ❢♦❧❧♦✇✐♥❣ ❙tr❡❡t ❡t ❛❧✳ ✭✷✵✵✼✮❀
❈❛♠♣✐♦❧✐ ❡t ❛❧✳ ✭✷✵✵✾✮✿
LAI = a · exp (b · NDVI) . ✭✹✳✷✮
❲❡ ♦❜t❛✐♥❡❞ a ❛♥❞ b ❜② ✜tt✐♥❣ t❤❡ ❡①♣♦♥❡♥t✐❛❧ r❡❧❛t✐♦♥s❤✐♣ ♦♥ ✜✈❡ q✉❛♥t✐❧❡s ✭✵✳✵✺✱
✵✳✷✺✱ ✵✳✺✵✱ ✵✳✼✺✱ ❛♥❞ ✵✳✾✺✮ ♦❢ t❤❡ ✐♥ s✐t✉ ▲❆■ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ❯❆❱✲❞❡r✐✈❡❞ ◆❉❱■
♦❢ ❛❧❧ ♣✐①❡❧s ✇✐t❤✐♥ t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡ ✐♥ q✉❡st✐♦♥ ✭s❡❡ ❆♣♣❡♥❞✐①✱ ❚❛❜❧❡ ✹✳✻✮✳
❲❡ ✉s❡❞ ❧✐♥❡❛r r❡❣r❡ss✐♦♥s ✇✐t❤ ♦❜s❡r✈❡❞ ▲❆■ t♦ s♣❛t✐❛❧❧② ❡①tr❛♣♦❧❛t❡ ✇♦♦❞ ❛♥❞
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ❛s ✇❡❧❧ ❛s ❝❛♥♦♣② ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t✿
x = p · LAI + q ✭✹✳✸✮
✇❤❡r❡ x ✐s t❤❡ ❡①tr❛♣♦❧❛t❡❞ ✈❛r✐❛❜❧❡ ❛♥❞ p ❛♥❞ q r❡♣r❡s❡♥t ✈❡❣❡t❛t✐♦♥ t②♣❡ s♣❡❝✐✜❝
♣❛r❛♠❡t❡rs ✭s❡❡ ❆♣♣❡♥❞✐①✱ ❚❛❜❧❡ ✹✳✻✮✳ ❚❤❡ ❛✈❡r❛❣❡ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ❛❧❧
✈❛r✐❛❜❧❡s ❢♦r ❡❛❝❤ ✈❡❣❡t❛t✐♦♥ t②♣❡ ✇❡r❡ ❝♦♠♣✉t❡❞ ❢♦r t❤❡ ❡♥t✐r❡ tr❛♥s❡❝ts ✭❚❛❜❧❡ ✹✳✸✮✳
✼✵
❚❛❜❧❡ ✹✳✸✿ ❙✉♠♠❛r② ♦❢ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ✉s❡❞ ❛s ♠♦❞❡❧ ✐♥♣✉t❀ ❢♦r ♣❧❛♥t ❛r❡❛ ✐♥❞❡①
❛♥❞ ❝❛♥♦♣② ❤❡✐❣❤t ♠❡❛♥ ± st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ❛❧❧ tr❛♥s❡❝ts ❛r❡ ♣r♦✈✐❞❡❞❀ t❤❡s❡ ✈❛❧✲
✉❡s ✇❡r❡ ❛❧s♦ ✉s❡❞ ❢♦r ❤♦♠♦❣❡♥❡♦✉s ❝♦✈❡r t②♣❡s❀ t❤❡ s♣❡❝✐❡s ❝♦❧✉♠♥ ✐♥❞✐❝❛t❡s ✇❤✐❝❤
s♣❡❝✐❡s ✇❛s ✉s❡❞ ❢♦r ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ❛♥❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♠❡❛s✉r❡♠❡♥ts✳
❈❧❛ss ❉❡s❝r✐♣t✐♦♥ ❆r❡❛ ✐♥❞❡① ❍❡✐❣❤t ✭❝♠✮ ❙♣❡❝✐❡s ❇❛❝❦✲
❣r♦✉♥❞
●r❡❡♥ ❧❡❛❢ ❲♦♦❞ ❙t❛♥❞✐♥❣
❞❡❛❞ ❧❡❛❢
❈❛♥♦♣② ❙t❛♥❞✐♥❣
❞❡❛❞ ❧❡❛❢
●✹ ❚✉ss♦❝❦ s❡❞❣❡ ✵✳✷✹±✵✳✶✵ ✲ ✲ ✶✷✳✷±✵✳✵ ✲ ❊✳ ✈❛❣✐♥❛✲
t✉♠
❙✶✲✷
❙✶✲✶ ❉✇❛r❢ ❜✐r❝❤ ✶✳✵✽±✵✳✶✻ ✶✳✵✷±✵✳✵✾ ✲ ✷✻✳✻±✶✳✷ ✲ ❇✳ ♥❛♥❛ ❙✶✲✶✱
r❡♠♦✈❛❧
❙✶✲✷ ▲✐❝❤❡♥✲r✐❝❤ s❤r✉❜ ✲ ✲ ✲ ✲ ✲ ✲ ❙✶✲✷
❲✷✲✶ ❲❡t s❡❞❣❡ ✶✳✸✷±✵✳✸✸ ✲ ✶✳✺✸±✵✳✸✽ ✹✼✳✻±✺✳✹ ✷✷✳✶±✷✳✻ ❊✳ ❛♥❣✉st✐✲
❢♦❧✐✉♠
❲❛t❡r
❲✷✲✷ ❉r② s❡❞❣❡ ✵✳✺✺±✵✳✷✸ ✲ ✵✳✻✹±✵✳✷✻ ✷✹✳✹±✶✳✾ ✶✺✳✽±✶✳✽ ❊✳ ❛♥❣✉st✐✲
❢♦❧✐✉♠
❲✷✲✸
❲✷✲✸ P❡❛t ♠♦ss ✲ ✲ ✲ ✲ ✲ ✲ ❲✷✲✸
❲✷✲✹ ❲❛t❡r❧♦❣❣❡❞ s❡❞❣❡ ✵✳✹✻±✵✳✶✷ ✲ ✲ ✸✸✳✷±✷✳✵ ✲ ❊✳ ❛♥❣✉st✐✲
❢♦❧✐✉♠
❲❛t❡r
❲❛t❡r ❙❤❛❧❧♦✇ ✇❛t❡r ✲ ✲ ✲ ✲ ✲ ✲ ❲❛t❡r
❆♥ ❡①❛♠♣❧❡ ♦❢ ❛❧❧ ✐♥♣✉t ✈❛r✐❛❜❧❡s ❢♦r ♦♥❡ tr❛♥s❡❝t ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✸✳ ❚❤❡
▲❆■ ✐♥❝❧✉❞❡❞ ❇❡t✉❧❛ ❛♥❞ ❙❛❧✐① s❤r✉❜s ❛s ✇❡❧❧ ❛s ❊r✐♦♣❤♦r✉♠ ❛♥❞ ❈❛r❡① s❡❞❣❡s ❜✉t
♥❡✐t❤❡r ❞✇❛r❢ s❤r✉❜s < 5 cm s✉❝❤ ❛s ❱❛❝❝✐♥✐✉♠ s♣♣✳ ❛♥❞ ▲❡❞✉♠ ♣❛❧✉str❡✱ ♥♦r ❣r❛ss❡s
♥♦r ❢♦r❜s✳ ❚❤❡ ▲❆■ ♦♥❧② ♠❛❞❡ ✉♣ ❢♦r ❛❜♦✉t ❤❛❧❢ ♦❢ t❤❡ t♦t❛❧ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ✭P❆■✮
✇✐t❤ ❛❜♦✉t ♦♥❡ ❢♦✉rt❤ ❜❡✐♥❣ ✇♦♦❞ ❛♥❞ ♦♥❡ ❢♦✉rt❤ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✳ ❚❤❡ ❛✈❡r❛❣❡
❝❛♥♦♣② ❤❡✐❣❤t ✇❛s 25.3 cm ✐♥ t❤❡ st✉❞② ❛r❡❛✳
■♥♣✉t ♣❛r❛♠❡t❡rs ✇❡r❡ t❤❡ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤❡ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❣r❡❡♥
❧❡❛✈❡s✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✱ ❛♥❞ ✇♦♦❞ ❛♥❞ t❤❡ ❜❛❝❦❣r♦✉♥❞ r❡✢❡❝t❛♥❝❡✳ ❲❡ ♠❡❛✲
s✉r❡❞ t❤❡ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ t❤❡ ♠❡t❤♦❞ ❜② P✐s❡❦ ❡t ❛❧✳ ✭✷✵✶✶✮ ❛♥❞ ❛♣♣❧✐❡❞
❛ ❝♦rr❡❝t✐♦♥ ❢♦r ❣r❡❡♥ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ s❡❞❣❡ ❧❡❛✈❡s ❛♥❞ ✇♦♦❞ ✭❆♣♣❡♥❞✐①✱ ❋✐❣✲
✉r❡ ✹✳❆✳✷✮✳ ❚❤❡ ❝♦rr❡❝t✐♦♥ ✇❛s ♥❡❝❡ss❛r② ❜❡❝❛✉s❡ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ✐❞❡♥t✐❢②
✇♦♦❞ ♦r s❡❞❣❡ ❧❡❛✈❡s t❤❛t ✇❡r❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ✐♠❛❣❡ ♣❧❛♥❡ ✭s❡❡ ❆♣♣❡♥❞✐①✱
❙❡❝t✐♦♥ ✹✳❆✳✷ ❢♦r ❞❡t❛✐❧s✮✳
❖♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❣r❡❡♥ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❛♥❞ ✇♦♦❞ ✇❡r❡ ♠❡❛s✉r❡❞ ✐♥
t❤❡ ✜❡❧❞ ✇✐t❤ ❛ ❞✉❛❧ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡ ❞❡s✐❣♥ ❢♦r r❡✢❡❝t❡❞ ❛♥❞ tr❛♥s♠✐tt❡❞ ❧✐❣❤t
✐♥ t❤❡ s♣❡❝tr❛❧ r❛♥❣❡ ❢r♦♠ 400✕950 nm ✭❏❛③ ✫ ❙♣❡❝tr♦❈❧✐♣✱ ❖❝❡❛♥ ❖♣t✐❝s✮✳ ❋r♦♠
950✕2500 nm✱ ✇❡ ✉s❡❞ ❞✇❛r❢ ❜✐r❝❤ ✭❇❡t✉❧❛ ♥❛♥❛✮ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♠❡❛s✉r❡❞ ❛t t❤❡
s❛♠❡ ✜❡❧❞ s✐t❡ ❢♦r ❧❡❛✈❡s✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✱ ❛♥❞ ✇♦♦❞ ♦❢ ❛❧❧ s♣❡❝✐❡s ✭❋✐❡❧❞s♣❡❝✹✱
❆❙❉ ■♥❝✳✱ ❏✉s③❛❦ ❡t ❛❧✳✱ ✷✵✶✹✱ ❆♣♣❡♥❞✐①✱ ❋✐❣✉r❡ ✹✳❆✳✸❛✮✳
❲❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛❧ ❜❛❝❦❣r♦✉♥❞ r❡✢❡❝t❛♥❝❡ ♦♥ ❝❛♥♦♣✐❡s ❧♦✇❡r t❤❛♥ 5 cm ❛♥❞
♦♥ s❤❛❧❧♦✇ ✇❛t❡r ✭❋✐❡❧❞s♣❡❝✹✱ ❆❙❉ ■♥❝✳✮✳ ❘❡✢❡❝t❛♥❝❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❱❛❝❝✐♥✐✉♠
❞♦♠✐♥❛t❡❞ ❧✐❝❤❡♥✲r✐❝❤ s❤r✉❜ ❝♦♠♠✉♥✐t✐❡s ✭❙✶✲✷✮ ✇❡r❡ s❡❧❡❝t❡❞ ❛s ❜❛❝❦❣r♦✉♥❞ ❢♦r
✼✶
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
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✭❞✮
✭❡✮
✭❢✮
✭❣✮
✭❤✮
✭✐✮
●✹ ❙✶✲✶
❙✶✲✷ ❲✷✲✶
❲✷✲✷ ❲✷✲✸
❲✷✲✹ ❲❛t❡r
❋✐❣✉r❡ ✹✳✸✿ ■♥♣✉t ✈❛r✐❛❜❧❡s ❢♦r ♦♥❡ tr❛♥s❡❝t ✭10m × 25m✮ ❛s ❛♥ ❡①❛♠♣❧❡❀ ✭❛✮ ❘●❇
✐♠❛❣❡✱ ✭❜✮ ♥❡❛r ✐♥❢r❛✲r❡❞ ✐♠❛❣❡✱ ✭❝✮ ✈❡❣❡t❛t✐♦♥ ♠❛♣✱ ✭❞✮ ❞✐❣✐t❛❧ s✉r❢❛❝❡ ♠♦❞❡❧✱ ✭❡✮
❝❛♥♦♣② ❤❡✐❣❤t✱ ✭❢✮ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t✱ ✭❣✮ ❣r❡❡♥ ❧❡❛❢ ❛r❡❛ ✐♥❞❡①✱ ✭❤✮ st❛♥❞✐♥❣
❞❡❛❞ ❧❡❛❢ ❛r❡❛ ✐♥❞❡①✱ ❛♥❞ ✭✐✮ ✇♦♦❞ ❛r❡❛ ✐♥❞❡①✳
t✉ss♦❝❦ s❡❞❣❡ t✉♥❞r❛ ❛s t❤❡ s♣❡❝✐❡s ❝♦♠♣♦s✐t✐♦♥ ✇❛s s✐♠✐❧❛r✳ P❡❛t ♠♦ss ✭❲✷✲✸✮
❞♦♠✐♥❛t❡❞ ❜❡❧♦✇ ❞r② s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ ❛♥❞ ✇❛s t❤✉s ✉s❡❞ ❛s ❜❛❝❦❣r♦✉♥❞ ❢♦r ♠♦❞✲
❡❧❧✐♥❣✳ ❋♦r ✇❡t ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✇❡ ✉s❡❞ ♠❡❛s✉r❡♠❡♥ts ♦❢ s❤❛❧❧♦✇ ✇❛t❡r ❛s
❜❛❝❦❣r♦✉♥❞ ✭❚❛❜❧❡ ✹✳✸✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ ✉s❡❞ t❤❡ ❜❛❝❦❣r♦✉♥❞ r❡✢❡❝t❛♥❝❡ ❜❡❧♦✇
❞✇❛r❢ ❜✐r❝❤ ✭❙✶✲✶✮ ❛❢t❡r r❡♠♦✈✐♥❣ t❤❡ s❤r✉❜s ✭s❡❡ ❏✉s③❛❦ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❆t ❧❡❛st ❢♦✉r
♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❛✈❡r❛❣❡❞ ♣❡r ❜❛❝❦❣r♦✉♥❞ t②♣❡ ✭❆♣♣❡♥❞✐①✱ ❋✐❣✉r❡ ✹✳❆✳✸❜✮✳
✹✳✷✳✹ ❙❡❧❡❝t✐♦♥ ♦❢ s✉❜s❡ts ❢♦r ♠♦❞❡❧❧✐♥❣
▼♦❞❡❧ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ✇✐t❤ t✇♦ ❞✐✛❡r❡♥t ❧❛♥❞ ❝♦✈❡r ❝♦♠♣❧❡①✐t✐❡s✳ ❋✐rst✱ ✇❡
s✐♠✉❧❛t❡❞ ❤♦♠♦❣❡♥❡♦✉s ❧❛♥❞ ❝♦✈❡r t②♣❡s ✇✐t❤♦✉t t♦♣♦❣r❛♣❤② ❛♥❞ s❡❝♦♥❞✱ ✇❡ s✐♠✉✲
❧❛t❡❞ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ✷✶ tr❛♥s❡❝ts ✐♥❝❧✉❞✐♥❣ ❤❡t❡r♦❣❡♥❡♦✉s t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥✳
❋♦r ❜♦t❤ ❝♦♠♣❧❡①✐t✐❡s✱ ✇❡ ✉s❡❞ t❤❡ s❛♠❡ ❛✈❡r❛❣❡ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ✭❚❛❜❧❡ ✹✳✸✮✳
❚♦ q✉❛♥t✐❢② t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ❤❡t❡r♦❣❡♥❡♦✉s t✉♥❞r❛✱ ✇❡ s❡❧❡❝t❡❞
s✉❜s❡ts ♦❢ t❤❡ st✉❞② ❛r❡❛ ♦♥ t❤❡ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✭❋✐❣✉r❡ ✹✳✷❜✮✳ ❲❡ ❝❤♦s❡ tr❛♥s❡❝ts
✇✐t❤✐♥ ❛♥ ❛r❡❛ ❝♦✈❡r❡❞ ❜② ❛ s✐♥❣❧❡ ✢✐❣❤t ❜❡❝❛✉s❡ ♦❢ ❛rt❡❢❛❝ts ❞✉❡ t♦ ✐♥❤♦♠♦❣❡♥❡♦✉s
✐❧❧✉♠✐♥❛t✐♦♥ ✭❋✐❣✉r❡ ✹✳✷❛✮✳ ❉✉❡ t♦ t❤❡ ❧♦✇ ✈❡❣❡t❛t✐♦♥ ❤❡✐❣❤t ♦❢ t❤❡ t✉♥❞r❛ ✐♥ ♦✉r
st✉❞② ❛r❡❛ ✭❚❛❜❧❡ ✹✳✸✮ ❛♥❞ t❤❡ s♠❛❧❧ s❝❛❧❡ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡✱ ✇❡
s❡❧❡❝t❡❞ ✷✶ tr❛♥s❡❝ts ♦❢ 10m × 25m r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✳ ❊❛❝❤
✼✷
tr❛♥s❡❝t r❡♣r❡s❡♥t❡❞ ❛ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ ❞✇❛r❢ ❜✐r❝❤ ❞♦♠✐♥❛t❡❞ ✈❡❣❡t❛t✐♦♥ ✭❙✶✲✶✮
❛♥❞ ♦t❤❡r ✈❡❣❡t❛t✐♦♥ t②♣❡s ♦r ✇❛t❡r ✭❋✐❣✉r❡ ✹✳✹✮✳ ❆s ❧♦✇ s❤r✉❜ t✉♥❞r❛ ✭❙✷✮ ✇❛s
r❡str✐❝t❡❞ t♦ ❧❛❦❡ ❛♥❞ r✐✈❡r ❜❛♥❦s✱ ✇❡ ❞✐❞ ♥♦t ❝❤♦♦s❡ tr❛♥s❡❝ts ✐♥ t❤✐s ✈❡❣❡t❛t✐♦♥
t②♣❡✳ ❚❤❡ r❡♠❛✐♥✐♥❣ s✐① ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞ ✇❛t❡r ✇❡r❡ ❡❛❝❤ ❞♦♠✐♥❛t✐♥❣ t❤r❡❡
tr❛♥s❡❝ts✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛❧❧ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇❡r❡ r❡♣r❡s❡♥t❡❞ ✐♥ s♠❛❧❧❡r ❢r❛❝t✐♦♥s
❛❧s♦ ✐♥ t❤❡ ♦t❤❡r tr❛♥s❡❝ts✳ ❚❤❡ ♣❛t❝❤ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❞✐✛❡r❡❞ ❛♠♦♥❣ t❤❡ tr❛♥s❡❝ts✳
❙✶✲✶
❉✇❛r❢
❜✐r❝❤
⇒ ♦t❤❡r
✈❡❣❡t❛t✐♦♥
●✹
❚✉ss♦❝❦ s❡❞❣❡
❙✶✲✷
▲✐❝❤❡♥✲r✐❝❤ s❤r✉❜
❲✷✲✶
❲❡t s❡❞❣❡
❲✷✲✷
❉r② s❡❞❣❡
❲✷✲✸
P❡❛t ♠♦ss
❲✷✲✹
❲❛t❡r❧♦❣❣❡❞ s❡❞❣❡
❲❛t❡r
❋✐❣✉r❡ ✹✳✹✿ ❱❡❣❡t❛t✐♦♥ ♠❛♣s ♦❢ ✷✶ tr❛♥s❡❝ts ✭10m × 25m✮❀ t❤❡ r♦✇s r❡♣r❡s❡♥t ❞✐✛❡r❡♥t
♠❛❥♦r ✈❡❣❡t❛t✐♦♥ t②♣❡s s♦rt❡❞ ❜② t❤❡ ♠❡❛♥ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ♦❢ t❤❡ ♠❛❥♦r t②♣❡
✇✐t❤ s✐♠♣❧❡ ♣♦❧②❣♦♥s ♦♥ t❤❡ ❧❡❢t ❛♥❞ ♠♦r❡ ❝♦♠♣❧❡① ♣♦❧②❣♦♥s ♦♥ t❤❡ r✐❣❤t✳
❲❡ ❝♦♠♣✉t❡❞ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❛t t✇♦ ❞✐✛❡r❡♥t ❧❡✈❡❧s✱ ❢♦r t❤❡ ✇❤♦❧❡ tr❛♥s❡❝ts
❛♥❞ ❢♦r ❡❛❝❤ ✈❡❣❡t❛t✐♦♥ ♣❛t❝❤✳ ❋♦r t❤❡ tr❛♥s❡❝ts✱ ✇❡ ✉s❡❞ t❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s
✭■✮ ❛✈❡r❛❣❡ P❧❛♥t ❆r❡❛ ■♥❞❡① ✭P❆■✮ ✐♥❝❧✉❞✐♥❣ ❣r❡❡♥ ❧❡❛✈❡s✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✱
❛♥❞ ✇♦♦❞✱ ✭■■✮ ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r ♦❢ ❡❛❝❤ ✈❡❣❡t❛t✐♦♥ t②♣❡✱ ❛♥❞ ✭■■■✮ ♠❡❛♥ ❝❤❛r❛❝t❡r✲
✐st✐❝ ❧❡♥❣t❤✱ ✇❤✐❝❤ ✇❡ ❞❡✜♥❡❞ ❛s ♠❡❛♥ r❛t✐♦ ♦❢ ♣❛t❝❤ ❛r❡❛ t♦ ♣❛t❝❤ ♣❡r✐♠❡t❡r✳ ❚❤❡
r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ❛ s✐♥❣❧❡ ♣❛t❝❤ ✐s ✐♥✢✉❡♥❝❡❞ ❜② ✐ts ✈❡❣❡t❛t✐♦♥ t②♣❡✱ P❆■✱ ❝❛♥♦♣②
✼✸
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
❤❡✐❣❤t✱ ♥❡✐❣❤❜♦✉r✐♥❣ ✈❡❣❡t❛t✐♦♥✱ ❛♥❞ t♦♣♦❣r❛♣❤②✳ ❚♦♣♦❣r❛♣❤② ✐♥✢✉❡♥❝❡s t❤❡ r❛❞✐❛✲
t✐♦♥ ❜✉❞❣❡t ♠♦r❡ ❛t t❤❡ ♣❛t❝❤ s❝❛❧❡ t❤❛♥ ❛t t❤❡ tr❛♥s❡❝t s❝❛❧❡✱ ❜❡❝❛✉s❡ t❤❡ tr❛♥s❡❝ts
❛r❡ ♠♦st❧② ✢❛t ♦♥ ❛✈❡r❛❣❡ ✇❤✐❧❡ ♠♦✉♥❞s ❛♥❞ t✉ss♦❝❦s ✐♥✢✉❡♥❝❡ ❧♦❝❛❧ s❧♦♣❡ ❛♥❞ ❡①♣♦✲
s✐t✐♦♥✳ ❲❡ ❛ss❡ss❡❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❧♦❝❛❧ ✈❛r✐❛❜✐❧✐t② ❛♥❞ ❜♦✉♥❞❛r② ❡✛❡❝ts ✉s✐♥❣ t❤❡
❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ♦❢ t❤❡ s✐♥❣❧❡ ✈❡❣❡t❛t✐♦♥ ♣❛t❝❤❡s ✐♥ r❡❧❛t✐♦♥ ✇✐t❤ t❤❡✐r r❛❞✐❛t✐♦♥
❜✉❞❣❡t✳
✹✳✷✳✺ ❘❛❞✐❛t✐♦♥ ❜✉❞❣❡t s✐♠✉❧❛t✐♦♥s ✇✐t❤ ❉❆❘❚
❲❡ s✐♠✉❧❛t❡❞ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✉s✐♥❣ t❤❡ ❉❆❘❚ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧
✭●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ❡t ❛❧✳✱ ✶✾✾✻❀●r❛✉ ❛♥❞ ●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ✱ ✷✵✶✸✱ ❱❡rs✐♦♥ ✺✳✻✳✶✮✳
❚❤✐s ♠♦❞❡❧ ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞ ❛♥❞ ✈❛❧✐❞❛t❡❞ ❡①t❡♥s✐✈❡❧②✱ ❢♦r ❡①❛♠♣❧❡ ❢♦r ❢♦r❡st ❝❛♥✲
♦♣✐❡s ✭▼❛❧❡♥♦✈s❦ý ❡t ❛❧✳✱ ✷✵✵✽❀ ❙❝❤♥❡✐❞❡r ❡t ❛❧✳✱ ✷✵✶✹✮✱ ❝r♦♣s ✭❉✉t❤♦✐t ❡t ❛❧✳✱ ✷✵✵✽✮✱
❛♥❞ t✉♥❞r❛ ❞✇❛r❢ s❤r✉❜s ✭❏✉s③❛❦ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❚❤❡ ❉❆❘❚ ♠♦❞❡❧ ❢♦r♠❡❞ ♣❛rt ♦❢
t❤❡ r❛❞✐❛t✐♦♥ tr❛♥s❢❡r ♠♦❞❡❧ ✐♥t❡r❝♦♠♣❛r✐s♦♥ ✭❘❆▼■✮ ✭P✐♥t② ❡t ❛❧✳✱ ✷✵✵✶❀ ❲✐❞❧♦✇s❦✐
❡t ❛❧✳✱ ✷✵✶✺✮✳
▼♦❞❡❧ ❝♦♥✜❣✉r❛t✐♦♥
❲❡ ♣❛r❛♠❡tr✐s❡❞ t❤❡ ❉❆❘❚ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❢♦r ✷✶ tr❛♥s❡❝ts ❛♥❞ ✾ ❤♦♠♦✲
❣❡♥❡♦✉s ❝♦✈❡r t②♣❡s✳ ❱❡❣❡t❛t✐♦♥ ✇❛s ♣❛r❛♠❡tr✐s❡❞ ✐♥ ❛ ✈♦①❡❧ ❣r✐❞ ✜❧❧❡❞ ✇✐t❤ t✉r❜✐❞
♠❡❞✐❛ s❝❛tt❡r❡rs ✭❙❝❤♥❡✐❞❡r ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❚❤r❡❡ t②♣❡s ♦❢ t✉r❜✐❞ ♠❡❞✐❛ ✇❡r❡ s✐♠✉❧✲
t❛♥❡♦✉s❧② ❝♦♥s✐❞❡r❡❞✿ ❣r❡❡♥ ❧❡❛✈❡s✱ ❞❡❛❞ ❧❡❛✈❡s✱ ❛♥❞ ✇♦♦❞✳ ❊❛❝❤ t✉r❜✐❞ ♠❡❞✐✉♠
✇❛s s✐♠✉❧❛t❡❞ ❛s ✈❡rt✐❝❛❧❧② ❤♦♠♦❣❡♥❡♦✉s ❝♦❧✉♠♥ ✇✐t❤✐♥ ✐ts r❡s♣❡❝t✐✈❡ ❤❡✐❣❤t✳ ❍♦✇✲
❡✈❡r✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ♦❢ ✇❡t ❛♥❞ ❞r② s❡❞❣❡s ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ✇✐t❤ ❛ ❧♦✇❡r
❤❡✐❣❤t t❤❛♥ ❣r❡❡♥ ❧❡❛✈❡s ✭❚❛❜❧❡ ✹✳✸✮✳ ❚❤✉s✱ ✈♦①❡❧s ❛t ❧♦✇ ❤❡✐❣❤t ✇❡r❡ ❞♦♠✐♥❛t❡❞
❜② st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❛♥❞ ❤✐❣❤❡r ✈♦①❡❧s ❜② ❣r❡❡♥ ❧❡❛✈❡s ✐♥ t❤❡s❡ t✇♦ ✈❡❣❡t❛t✐♦♥
❝❧❛ss❡s✳ ❋♦r t❤❡ tr❛♥s❡❝ts✱ ✇❡ ✉s❡❞ t❤❡ ❉❙▼ ❛s t♦♣♦❣r❛♣❤② ✇❤✐❧❡ ✇❡ s✐♠✉❧❛t❡❞ t❤❡
❤♦♠♦❣❡♥❡♦✉s ❝♦✈❡r t②♣❡s ✇✐t❤♦✉t t♦♣♦❣r❛♣❤② ✭❚❛❜❧❡ ✹✳✹❛✮✳
❲❡ s✐♠✉❧❛t❡❞ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ t❤❡ ▼❖❉■❙ ❜❛♥❞s ✶ t♦ ✼ ✭❚❛❜❧❡ ✹✳✹❜✮
❛♥❞ ❞❡r✐✈❡❞ ❜r♦❛❞❜❛♥❞ s❤♦rt✇❛✈❡ q✉❛♥t✐t✐❡s ❢r♦♠ ❛ ❧✐♥❡❛r ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❜❛♥❞s
✇✐t❤ ❝♦❡✣❝✐❡♥ts ❜② ▲✐❛♥❣ ❡t ❛❧✳ ✭✶✾✾✾✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ s✐♠✉❧❛t❡❞ ❜r♦❛❞❜❛♥❞ ♣❤♦✲
t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡ r❛❞✐❛t✐♦♥ ✭P❆❘✮ t♦ ❛ss❡ss ❝❛♥♦♣② ❛❜s♦r❜❡❞ P❆❘ ✭❢❆P❆❘✮ ❛♥❞
t♦ ❝♦♠♣❛r❡ t❤❡ r❡s✉❧ts ✇✐t❤ t❤❡ P❆❘ ❝♦♥✈❡rs✐♦♥ ❢r♦♠ t❤r❡❡ ▼❖❉■❙ ❜❛♥❞s ❜② ▲✐❛♥❣
❡t ❛❧✳ ✭✶✾✾✾✮✳ ■♥ t❤❡ s✐♠✉❧❛t✐♦♥s✱ t❤❡ ✐❧❧✉♠✐♥❛t✐♦♥ ✇❛s ❞❡✜♥❡❞ ❜② t❤❡ t♦t❛❧ ✐rr❛✲
❞✐❛♥❝❡ ❛♥❞ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❞✐✛✉s❡ ❧✐❣❤t ❢♦r ❡❛❝❤ s♣❡❝tr❛❧ ❜❛♥❞ ✭❚❛❜❧❡ ✹✳✹✮✳ ❚❤❡
s♣❡❝tr❛❧ ✐rr❛❞✐❛♥❝❡ ✇❛s ❞❡✜♥❡❞ ❛s t❤❡ r❡✢❡❝t❛♥❝❡ ♦❢ ❛ ❙♣❡❝tr❛❧♦♥ ♣❛♥❡❧ ♠❡❛s✉r❡❞
♦♥ ✶✶✴✵✼✴✷✵✶✷ ✉s✐♥❣ ❛ s♣❡❝tr♦♠❡t❡r ✭❋✐❡❧❞s♣❡❝✹✱ ❆❙❉ ■♥❝✳✮✳ ❆❧❧ s♣❡❝tr♦♠❡t❡r ♠❡❛✲
s✉r❡♠❡♥ts ✇✐t❤✐♥ ❛ ▼❖❉■❙ ❜❛♥❞ ✇✐❞t❤ ♦r t❤❡ P❆❘ r❛♥❣❡ ✇❡r❡ ❝♦♥✈♦❧✈❡❞ t♦ t❤❡
r❡s♣❡❝t✐✈❡ ❜❛♥❞ ✇✐❞t❤✳ ❚❤❡ ❞✐✛✉s❡ ❢r❛❝t✐♦♥ ✐♥ t❤❡ P❆❘ r❛♥❣❡ ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠
✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ✉♥❞❡r ❝❧❡❛r s❦② ❝♦♥❞✐t✐♦♥s ✭❉❡❧t❛✲❚ ❉❡✈✐❝❡s✱ ❇❋✸✮✳ ■♥ ♦t❤❡r
✼✹
✇❛✈❡❜❛♥❞s✱ ❞✐✛✉s❡ ❢r❛❝t✐♦♥s ✇❡r❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ❉❆❘❚ s✐♠✉❧❛t✐♦♥s ♦❢ ❛t♠♦s♣❤❡r❡
r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ❢♦r ❝♦♥❞✐t✐♦♥s ❛t ♥♦♦♥ ♠✐❞ ♦❢ ❏✉❧② ✇✐t❤ ❛ s✉❜❛r❝t✐❝ s✉♠♠❡r ❛t♠♦✲
s♣❤❡r❡✳ ❲❡ ❛❞❥✉st❡❞ t❤❡ ❛❡r♦s♦❧ ♦♣t✐❝❛❧ ❞❡♣t❤ ❢❛❝t♦r s♦ t❤❛t t❤❡ s✐♠✉❧❛t❡❞ ❞✐✛✉s❡
❢r❛❝t✐♦♥ ✐♥ t❤❡ P❆❘ r❛♥❣❡ ♠❛t❝❤❡❞ t❤❡ ♦❜s❡r✈❛t✐♦♥s✳
❚❛❜❧❡ ✹✳✹✿ ✭❛✮ ●❡♥❡r❛❧ ♠♦❞❡❧ ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ ✭❜✮ s♣❡❝tr❛❧ ❜❛♥❞s ✇✐t❤ r❡s♣❡❝t✐✈❡ ✐rr❛✲
❞✐❛♥❝❡ ❛♥❞ ❞✐✛✉s❡ ❢r❛❝t✐♦♥ ✭❙❑❨▲✮✳
✭❛✮ ✭❜✮
❈❤❛r❛❝t❡r✐st✐❝ ❱❛❧✉❡ ❲❛✈❡❧❡♥❣t❤
✭♥♠✮
▼❖❉■❙
❜❛♥❞
■rr❛❞✐❛♥❝❡
✭Wm−2 ➭m−1✮
❉✐✛✉s❡
❢r❛❝t✐♦♥
✭✪✮
▼♦❞❡ ❋❧✉①✲tr❛❝❦✐♥❣ ✹✵✵✕✼✵✵ ✲ ✾✻✽ ✶✾✳✵
①✱ ②✱ ③ r❡s♦❧✉t✐♦♥ 5.0 cm ✹✺✾✕✹✼✾ ✸ ✶✵✼✾ ✷✺✳✹
✭✈♦①❡❧ ❣r✐❞✮ ✺✹✺✕✺✻✺ ✹ ✶✵✹✹ ✶✸✳✺
❙❝❡♥❡ s✐③❡ ✻✷✵✕✻✼✵ ✶ ✾✸✵ ✶✸✳✷
✲ ❤♦♠♦❣❡♥❡♦✉s ❝♦✈❡r t②♣❡ 1m× 1m ✽✹✶✕✽✼✻ ✷ ✻✸✻ ✼✳✺
✲ tr❛♥s❡❝ts 10m× 25m ✶✷✸✵✕✶✷✺✵ ✺ ✸✶✵ ✸✳✻
❙❝❡♥❡ t②♣❡ ❘❡♣❡t✐t✐✈❡ ✶✻✷✽✕✶✻✺✷ ✻ ✶✺✹ ✷✳✵
❚♦♣♦❣r❛♣❤② ✷✶✵✺✕✷✶✺✺ ✼ ✺✽ ✶✳✸
✲ ❤♦♠♦❣❡♥❡♦✉s ❝♦✈❡r t②♣❡ ♥♦
✲ tr❛♥s❡❝ts ②❡s
❱❡❣❡t❛t✐♦♥ r❡♣r❡s❡♥t❛t✐♦♥ ❚✉r❜✐❞ ♠❡❞✐❛
❙✉♥ ♣♦s✐t✐♦♥ ✶✺✴✵✼✴✷✵✶✺✱
✶ ❤♦✉r ❜❡❢♦r❡
s♦❧❛r ♥♦♦♥
❆t♠♦s♣❤❡r❡ ❙♣❡❝tr❛❧
❙❑❨▲ ✭❢r♦♠
❉❆❘❚✮
◆♦✳ ♦❢ ❞✐r❡❝t✐♦♥s ✶✾✸
▼♦❞❡❧ ♦✉t♣✉ts
❲❡ ❛♥❛❧②s❡❞ t❤r❡❡ ♠❛❥♦r ♠♦❞❡❧ ♦✉t♣✉ts✳ ❚❤❡ ✜rst ♦✉t♣✉t ✇❛s t❤❡ ❛❧❜❡❞♦ ♦♥❡ ♠❡tr❡
❛❜♦✈❡ t❤❡ s♦✐❧ s✉r❢❛❝❡✱ ✇❤✐❝❤ ✇❡ ❝♦♥✈❡rt❡❞ ❢r♦♠ s♣❡❝tr❛❧ t♦ s❤♦rt✇❛✈❡ ❛❧❜❡❞♦ ✭▲✐❛♥❣
❡t ❛❧✳✱ ✶✾✾✾✮✳ ❚❤❡ s❡❝♦♥❞ ♦✉t♣✉t ✇❛s s❤♦rt✇❛✈❡ ✐rr❛❞✐❛♥❝❡ ❛t t❤❡ s♦✐❧ s✉r❢❛❝❡ ❞✐✈✐❞❡❞
❜② ❛❜♦✈❡ ❝❛♥♦♣② ✐rr❛❞✐❛♥❝❡✳ ❲❡ ❝❛❧❧ t❤✐s ✈❛r✐❛❜❧❡ ❵tr❛♥s♠✐tt❛♥❝❡✬✱ ✇❤✐❝❤ ❡q✉❛❧s
t♦ ❵✶ ✲ s♦✐❧ s❤❛❞✐♥❣✬ ✭❇❡♥♥✐♥❣❤♦✛ ✱ ✶✾✺✷✮✳ ❈❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ✐s ❛♥ ✐♠♣♦rt❛♥t
❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❢♦r s♦✐❧ ❤❡❛t ✢✉① ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇ ✭❇r✐❣❣s ❡t ❛❧✳✱ ✷✵✶✹✮✳
❲❡ ❝♦♥s✐❞❡r❡❞ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡ r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡
❝❛♥♦♣② ✭❢❆P❆❘✮ ❛s t❤✐r❞ ♦✉t♣✉t✳ ❲❡ ❞❡✜♥❡❞ t❤❡ ❝❛♥♦♣② ❛s ✈❛s❝✉❧❛r ✈❡❣❡t❛t✐♦♥
♣❛r❛♠❡tr✐s❡❞ ✐♥ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧✳ ❚❤❡r❡❢♦r❡✱ ♠♦ss❡s✱ ❧✐❝❤❡♥ ❛♥❞ ✈❛s❝✉❧❛r
✼✺
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
♣❧❛♥ts ❧♦✇❡r t❤❛♥ 5 cm✱ ✇❤✐❝❤ ✇❡ tr❡❛t❡❞ ❛s ❜❛❝❦❣r♦✉♥❞✱ ✇❡r❡ ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ ♦✉r
❢❆P❆❘ ❝❛❧❝✉❧❛t✐♦♥✳ ❆❧t❤♦✉❣❤ ❢❆P❆❘ ✐s ❝❧♦s❡❧② ❧✐♥❦❡❞ t♦ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡✱ ✐t
♣r♦✈✐❞❡s ❛❞❞✐t✐♦♥❛❧ ✐♥❢♦r♠❛t✐♦♥ ❛s ✐t ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♣❤♦t♦s②♥t❤❡s✐s ❛♥❞ t❤✉s t❤❡
❝❛r❜♦♥ ❝②❝❧❡ ✭❘✉✐♠② ❡t ❛❧✳✱ ✶✾✾✹❀ ❍✉❡♠♠r✐❝❤ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❇❡❢♦r❡ ❛♥❛❧②s✐♥❣ t❤❡
♠♦❞❡❧ ♦✉t♣✉t✱ ✇❡ r❡♠♦✈❡❞ 2m ❜♦r❞❡rs ♦♥ ❛❧❧ s✐❞❡s ♦❢ t❤❡ tr❛♥s❡❝ts t♦ ❡❧✐♠✐♥❛t❡
❡❞❣❡ ❡✛❡❝ts✳ ❚❤✉s t❤❡ r❡♠❛✐♥✐♥❣ tr❛♥s❡❝t s✐③❡ ✇❛s 6m× 21m ✭120× 420 ♣✐①❡❧s✮✳
✹✳✷✳✻ ❲❡✐❣❤t❡❞ ❛✈❡r❛❣❡s
■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r s✐♠✉❧❛t✐♦♥s✱ ✇❡ ❡st✐♠❛t❡❞ t❤❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t ♦❢ ❡❛❝❤ tr❛♥s❡❝t ✉s✐♥❣ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s✳ ■♥ ❛ ✜rst st❡♣✱ ✇❡ ❝♦♠♣✉t❡❞
t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ❤♦♠♦❣❡♥❡♦✉s ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇✐t❤ ❉❆❘❚ ✉s✐♥❣ t❤❡ s❛♠❡
♠❡❛♥ ✈❡❣❡t❛t✐♦♥ t②♣❡ s♣❡❝✐✜❝ ✈❛r✐❛❜❧❡s ❛s ❢♦r t❤❡ tr❛♥s❡❝t s✐♠✉❧❛t✐♦♥s ✐♥ ❛ s♠❛❧❧
❛♥❞ r❡♣❡t✐t✐✈❡ s❝❡♥❡ ✭❚❛❜❧❡ ✹✳✸✮✳ ❉❆❘❚ ✇❛s ❝♦♥✜❣✉r❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ❢♦r t❤❡
tr❛♥s❡❝ts✱ ❜✉t t❤❡ s❝❡♥❡ ✇❛s s♠❛❧❧❡r ❛♥❞ ❞✐❞ ♥♦t ✐♥❝❧✉❞❡ t♦♣♦❣r❛♣❤② ✭❚❛❜❧❡ ✹✳✹✮✳ ■♥
❛ s❡❝♦♥❞ st❡♣✱ ✇❡ ❝♦♠♣✉t❡❞ t❤❡ ❛✈❡r❛❣❡ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❢❆P❆❘ ✇❡✐❣❤t❡❞
❜② ✈❡❣❡t❛t✐♦♥ t②♣❡ ❢r❛❝t✐♦♥ ❢♦r ❡❛❝❤ tr❛♥s❡❝t✳
✹✳✷✳✼ ❙t❛t✐st✐❝❛❧ ❛♥❛❧②s✐s
❲❡ ❡st✐♠❛t❡❞ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❞✐✛❡r❡♥t tr❛♥s❡❝t ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ t❤❡ ♠❡❛♥ r❛✲
❞✐❛t✐♦♥ ❜✉❞❣❡t ✉s✐♥❣ ❛♥ ❛♥❛❧②s✐s ♦❢ ✈❛r✐❛♥❝❡ ✭❆◆❖❱❆✱ ❢✲t❡st✮ ✭❘ ❈♦r❡ ❚❡❛♠✱ ✷✵✶✺✱
❱❡rs✐♦♥ ✸✳✷✳✸✮✳ ❚❤❡ r❡s♣♦♥s❡ ✈❛r✐❛❜❧❡s ✇❡r❡ tr❛♥s❡❝t ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞
❢❆P❆❘✳ ❚❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ✇❡r❡ t❤❡ ❢r❛❝t✐♦♥ ♦❢ s❤r✉❜ ❝♦✈❡r ✭❙✶✲✶✮✱ t❤❡ ❝♦♠✲
❜✐♥❡❞ ❢r❛❝t✐♦♥ ♦❢ ✇❛t❡r ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮✱ ♠❡❛♥ tr❛♥s❡❝t ♣❧❛♥t ❛r❡❛
✐♥❞❡①✱ ❛♥❞ ♠❡❛♥ tr❛♥s❡❝t ♣❛t❝❤ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤✳ ❲❡ ❞✐❞ ❛ ✹✲✇❛② ❆◆❖❱❆
♣❡r r❡s♣♦♥s❡ ✈❛r✐❛❜❧❡ ✇✐t❤♦✉t t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❡①♣❧❛♥❛t♦r②
✈❛r✐❛❜❧❡s✳ ❖✉r ♠♦❞❡❧ ✜rst ❛❝❝♦✉♥t❡❞ ❢♦r t❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡ ✇✐t❤ t❤❡ ❤✐❣❤❡st
❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ✇✐t❤ t❤❡ r❡s♣♦♥s❡✳ ❲❡ ❝❤❛♥❣❡❞ t❤❡ ♦r❞❡r ♦❢ t❤❡ ♦t❤❡r t❤r❡❡
r❡s♣♦♥s❡ ✈❛r✐❛❜❧❡s ✐♥ t❤❡ ♠♦❞❡❧ t♦ ❛ss❡ss t❤❡ r♦❜✉st♥❡ss ♦❢ t❤❡ ♠♦❞❡❧ r❡s✉❧ts ❛♥❞
♣♦ss✐❜❧❡ r❡❧❛t✐♦♥s❤✐♣s ❛♠♦♥❣ t❤❡ ❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s✳ ❚❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t s✐♠✉✲
❧❛t❡❞ ✇✐t❤ t❤❡ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ✇❛s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s
✉s✐♥❣ ❛ ♣❛✐r❡❞ t✲t❡st ✭❘ ❈♦r❡ ❚❡❛♠✱ ✷✵✶✺✱ ❱❡rs✐♦♥ ✸✳✷✳✸✮✳
✹✳✸ ❘❡s✉❧ts
✹✳✸✳✶ ❉r✐✈❡rs ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡
❲❡ ❝♦♠♣❛r❡❞ ♠♦❞❡❧❧❡❞ r❛❞✐❛t✐♦♥ ❜✉❞❣❡ts ♦❢ ❞✐✛❡r❡♥t tr❛♥s❡❝ts t♦ ❡st✐♠❛t❡ t❤❡ ✐♠✲
♣♦rt❛♥❝❡ ♦❢ ❞✐✛❡r❡♥t ❧❛♥❞s❝❛♣❡ ❡❧❡♠❡♥ts✳ ❚r❛♥s❡❝t ❛❧❜❡❞♦ ✇❛s str♦♥❣❧② ♥❡❣❛t✐✈❡❧②
r❡❧❛t❡❞ ✇✐t❤ ✇❛t❡r ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r ✭✐♥❝❧✉❞✐♥❣ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮✱ P❡❛rs♦♥
✼✻
❝♦rr❡❧❛t✐♦♥ R = −0.91✱ ❋✐❣✉r❡ ✹✳✺❜✮✳ ❆❧t❤♦✉❣❤ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❛❧❜❡❞♦ ❛♥❞
s❤r✉❜ ❝♦✈❡r ✇❛s ✇❡❛❦ ✭R = 0.19✱ ❋✐❣✉r❡ ✹✳✺❛✮✱ s❤r✉❜ ❝♦✈❡r s✐❣♥✐✜❝❛♥t❧② ❛✛❡❝t❡❞
t❤❡ ❛❧❜❡❞♦ ✐❢ t❤❡ st❛t✐st✐❝❛❧ ♠♦❞❡❧ ❛❝❝♦✉♥t❡❞ ❢♦r t❤❡ ✇❛t❡r ❡✛❡❝t ✜rst ✭❚❛❜❧❡ ✹✳✺❛✮✳
❆❢t❡r ❛❝❝♦✉♥t✐♥❣ ❢♦r ✇❛t❡r ❝♦✈❡r✱ ♥❡✐t❤❡r ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ✭P❆■✮ ♥♦r t❤❡ ❛✈❡r❛❣❡
♣❛t❝❤ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② r❡❧❛t❡❞ t♦ tr❛♥s❡❝t ❛❧❜❡❞♦✱ ❡✈❡♥ ✐❢ t❤❡
♠♦❞❡❧ ❞✐❞ ♥♦t ❛❝❝♦✉♥t ❢♦r s❤r✉❜ ❝♦✈❡r ✜rst✳ ❚❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❡❛❝❤ ♣❛✐r ♦❢
❡①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ✇❛s ❧❡ss t❤❛♥ R2 = 0.3✳
❚❛❜❧❡ ✹✳✺✿ ❚❤❡ ❡✛❡❝t ♦❢ tr❛♥s❡❝t ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ s✐♠✉❧❛t❡❞ ✭❛✮ ❛❧❜❡❞♦ ❛♥❞ ✭❜✮ tr❛♥s✲
♠✐tt❛♥❝❡ ❡①♣r❡ss❡❞ ❛s ❆◆❖❱❆ r❡s✉❧ts❀ ✇❛t❡r ❝♦✈❡r ✐♥❝❧✉❞❡s ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲
✹✮✳ ❊❛❝❤ ❝❤❛r❛❝t❡r✐st✐❝ t❛❦❡s ♦♥❡ ♦❢ ✷✵ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ✭❞❢✮❀ ♣❧❡❛s❡ ♥♦t❡ t❤❡ ❞✐✛❡r✲
❡♥t ✈❛r✐❛❜❧❡ ♦r❞❡r❀ ✯✯✯ P ≤ 0.001❀ ✯✯ P ≤ 0.01❀ ♥s✿ ♥♦t s✐❣♥✐✜❝❛♥t✳
✭❛✮ ❆❧❜❡❞♦ ✭❜✮ ❚r❛♥s♠✐tt❛♥❝❡
❊①♣❧❛♥❛t♦r② ✈❛r✐❛❜❧❡s ❞❢ F P ❞❢ F P
❲❛t❡r ❝♦✈❡r ✶ ✷✼✼✳✾✵ ✯✯✯ P❧❛♥t ❛r❡❛ ✐♥❞❡① ✶ ✻✶✼✳✸✽ ✯✯✯
❙❤r✉❜ ❝♦✈❡r ✶ ✸✽✳✶✺ ✯✯✯ ❙❤r✉❜ ❝♦✈❡r ✶ ✾✳✼✶ ✯✯
P❧❛♥t ❛r❡❛ ✐♥❞❡① ✶ ✵✳✵✶ ♥s ❲❛t❡r ❝♦✈❡r ✶ ✷✳✶✸ ♥s
❈❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ✶ ✵✳✽✾ ♥s ❈❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ✶ ✵✳✾✶ ♥s
▼♦❞❡❧❧❡❞ tr❛♥s❡❝t ❢❆P❆❘ ❛♥❞ s❤♦rt✇❛✈❡ tr❛♥s♠✐tt❛♥❝❡ ✇❡r❡ str♦♥❣❧② ♥❡❣❛t✐✈❡❧②
❝♦rr❡❧❛t❡❞ ✭R = −0.99✮✳ P❆■ str♦♥❣❧② r❡❞✉❝❡❞ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ✭R = −0.98✱
❋✐❣✉r❡ ✹✳✺❣✮ ❛♥❞ ✐♥❝r❡❛s❡❞ ❢❆P❆❘ ✭R = 0.98✱ ❋✐❣✉r❡ ✹✳✺❦✮✳ ❚❤❡ s❡❝♦♥❞ ♠♦st ✐♠✲
♣♦rt❛♥t ❞r✐✈❡r ♦❢ ❜♦t❤ ✈❛r✐❛❜❧❡s ✇❛s s❤r✉❜ ❝♦✈❡r ✭R = −0.34 ❛♥❞ R = 0.28 ❢♦r
tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ ❢❆P❆❘✱ r❡s♣❡❝t✐✈❡❧②✱ ❋✐❣✉r❡ ✹✳✺❡✱ ✐✮✱ ✇❤✐❝❤ s✐❣♥✐✜❝❛♥t❧② ✐♥✢✉❡♥❝❡❞
tr❛♥s♠✐tt❛♥❝❡ ❜✉t ♥♦t ❢❆P❆❘ ✇❤❡♥ P❆■ ✇❛s ❛❝❝♦✉♥t❡❞ ❢♦r ✭❚❛❜❧❡ ✹✳✺❜✮✳ ❲❛t❡r ❝♦✈❡r
❛♥❞ ❛✈❡r❛❣❡ ♣❛t❝❤ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ❞✐❞ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❛✛❡❝t tr❛♥s♠✐tt❛♥❝❡
❛♥❞ ❢❆P❆❘✳
✹✳✸✳✷ ❈♦♠♣❛r✐s♦♥ ♦❢ ❉❆❘❚ ♠♦❞❡❧ r❡s✉❧ts ✇✐t❤ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s
❲❡ ❛♥❛❧②s❡❞ r❡s✉❧ts ♦❢ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r s✐♠✉❧❛t✐♦♥s ❛s ❝♦♠♣❛r❡❞ t♦ ❛ ✇❡✐❣❤t❡❞
❛✈❡r❛❣❡ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✇✐t❤ ❣✐✈❡♥ ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡ ❛♥❞
❛✈❡r❛❣❡ t②♣❡ ♣r♦♣❡rt✐❡s✳ ❯s✐♥❣ t❤❡ ✸❉ ❉❆❘❚ ♠♦❞❡❧✱ tr❛♥s❡❝t ❛❧❜❡❞♦ ✈❛❧✉❡s ❛♣✲
♣❡❛r❡❞ t♦ ❜❡ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ✭p < 0.001✱ ❋✐❣✉r❡ ✹✳✻❛✮✳
❖♥ ❛✈❡r❛❣❡✱ t❤❡ ❛❧❜❡❞♦ r❡❞✉❝t✐♦♥ ✇❤❡♥ ✉s✐♥❣ t❤❡ ✸❉ ❛♣♣r♦❛❝❤ ✇❛s ✵✳✵✵✹✱ ❝♦rr❡✲
s♣♦♥❞✐♥❣ t♦ ✸✪ ♦❢ t❤❡ ❛✈❡r❛❣❡ ❛❧❜❡❞♦✱ ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ❛❜s♦❧✉t❡ ❞✐✛❡r❡♥❝❡ ✇❛s
✵✳✵✶✳
❈❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ✇❛s ♦♥ ❛✈❡r❛❣❡ ✸✪ ❤✐❣❤❡r ✐♥ t❤❡ ✸❉ ♠♦❞❡❧ r❡s✉❧ts ❛s ❝♦♠✲
♣❛r❡❞ t♦ t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ✭❋✐❣✉r❡ ✹✳✻❜✮✳ ❍♦✇❡✈❡r✱ t❤✐s ✇❛s ♥♦t t❤❡ ❝❛s❡ ❢♦r ❛❧❧
tr❛♥s❡❝ts✳ ❋♦r s✐♥❣❧❡ tr❛♥s❡❝ts✱ t❤❡ ❛❜s♦❧✉t❡ tr❛♥s♠✐tt❛♥❝❡ ❞✐✛❡r❡♥❝❡ ✇❛s ❜❡t✇❡❡♥
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✇❛t❡r ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮✱ ✭❝✱ ❣✱ ❦✮ ♣❧❛♥t ❛r❡❛ ✐♥❞❡①✱ ❛♥❞ ✭❞✱ ❤✱ ❧✮ ❛✈❡r❛❣❡
❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤❀ r❡❣r❡ss✐♦♥ ❧✐♥❡s ❛r❡ ✐♥❝❧✉❞❡❞ ❢♦r ❞❛t❛ ✇✐t❤ R2 > 0.25✳
✲✵✳✵✻ ❛♥❞ ✵✳✵✾✳ ❚❤❡ ✸❉ ♠♦❞❡❧ r❡s✉❧ts ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ✇❡✐❣❤t❡❞
❛✈❡r❛❣❡s ✭p < 0.05✮✳ ❚r❛♥s♠✐tt❛♥❝❡ ♠♦❞❡❧❧❡❞ ✇✐t❤ t❤❡ ✸❉ ❛♣♣r♦❛❝❤ ✇❛s ❣❡♥❡r❛❧❧②
❤✐❣❤❡r t❤❛♥ ✇✐t❤ t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ❢♦r tr❛♥s❡❝ts ✇✐t❤ ❧♦✇ P❆■ ❛♥❞ ❧♦✇ s❤r✉❜
❝♦✈❡r ✭r❡s✉❧ts ♥♦t s❤♦✇♥✮✳
❆s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡✱ ❢❆P❆❘ ✇❛s str♦♥❣❧② ♥❡❣❛t✐✈❡❧② r❡❧❛t❡❞ ✇✐t❤ tr❛♥s♠✐tt❛♥❝❡✳
❈♦♥s❡q✉❡♥t❧②✱ ❢❆P❆❘ ✇❛s s❧✐❣❤t❧② r❡❞✉❝❡❞ ✇❤❡♥ ✉s✐♥❣ t❤❡ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧
❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ✭❋✐❣✉r❡ ✹✳✻❝✮✳ ❚❤❡ ❛❜s♦❧✉t❡ ❞✐✛❡r❡♥❝❡ ✈❛r✐❡❞
❜❡t✇❡❡♥ ✲✵✳✶✵ ❛♥❞ ✵✳✵✻✱ ♦♥ ❛✈❡r❛❣❡ ✸✪ ♦❢ t❤❡ t♦t❛❧ ❢❆P❆❘✳ ❍♦✇❡✈❡r✱ t❤❡ ❞✐✛❡r❡♥❝❡
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✇❛s ♥♦t s✐❣♥✐✜❝❛♥t ✭p > 0.1✮✳
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s❡❝t✱ t❤❡ ♠❡❛♥ ♦❢ ❛❧❧ tr❛♥s❡❝ts ✐s t❤❡ r❡❞ sq✉❛r❡✱ t❤❡ ❧✐♥❡ r❡♣r❡s❡♥ts ❛ ✶✿✶ r❡❧❛t✐♦♥s❤✐♣✳
✹✳✸✳✸ ❙♠❛❧❧ s❝❛❧❡ s♣❛t✐❛❧ ✈❛r✐❛t✐♦♥ ✐♥ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❢❆P❆❘
❆t t❤❡ ♣❛t❝❤ s❝❛❧❡✱ ✈❛r✐❛t✐♦♥s ✐♥ P❆■✱ ❝❛♥♦♣② ❤❡✐❣❤t✱ t♦♣♦❣r❛♣❤②✱ ❛♥❞ ♥❡✐❣❤❜♦✉r✐♥❣
✈❡❣❡t❛t✐♦♥ t②♣❡ ❧❡❞ t♦ ❝♦♥s✐❞❡r❛❜❧❡ ✈❛r✐❛t✐♦♥s ♦❢ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❢❆P❆❘
❛♠♦♥❣ ❝❡❧❧s ♦❢ t❤❡ s❛♠❡ t②♣❡ ✭❋✐❣✉r❡ ✹✳✼✮✳ ❆s ♦❜s❡r✈❡❞ ❢♦r t❤❡ ✇❤♦❧❡ tr❛♥s❡❝ts
✭❋✐❣✉r❡ ✹✳✻❛✮✱ ❛❧❜❡❞♦ ✇❛s ♦♥ ❛✈❡r❛❣❡ ❧♦✇❡r ✐♥ t❤❡ ✸❉ tr❛♥s❡❝t s✐♠✉❧❛t✐♦♥ ❛s ❝♦♠✲
♣❛r❡❞ t♦ t❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ s✐♥❣❧❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭❋✐❣✉r❡ ✹✳✼❛✮✳ ❍♦✇❡✈❡r✱ t❤✐s ✇❛s
♥♦t t❤❡ ❝❛s❡ ❢♦r t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇✐t❤ r❡❧❛t✐✈❡❧② ❧♦✇ ❛❧❜❡❞♦ ✭❞✇❛r❢ ❜✐r❝❤ ✭❙✶✲✶✮✱
✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮✮ ❛♥❞ ✇❛t❡r✳ ❲❤✐❧❡ t❤❡ tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❤✐❣❤❧② tr❛♥s✲
♠✐tt✐♥❣ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇❛s r❡❞✉❝❡❞ ❞✉❡ t♦ ❜♦✉♥❞❛r② ❡✛❡❝ts✱ ✐t ✇❛s ✐♥❝r❡❛s❡❞ ✐♥
❞❡♥s❡r ✈❡❣❡t❛t✐♦♥ ✭❋✐❣✉r❡ ✹✳✼❜✮✳ ❇♦✉♥❞❛r② ❡✛❡❝ts str♦♥❣❧② ✐♥❝r❡❛s❡❞ ❢❆P❆❘✱ ❡s♣❡✲
❝✐❛❧❧② ❢♦r ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇✐t❤ ❞❡♥s❡ ❝❛♥♦♣✐❡s t❤❛t ❛❜s♦r❜❡❞ ♠✉❝❤ r❛❞✐❛t✐♦♥ ❛♥②✇❛②
✭❋✐❣✉r❡ ✹✳✼❝✮✳
❲❤✐❧❡ tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ ❢❆P❆❘ ✇❡r❡ ❤✐❣❤❧② ♥❡❣❛t✐✈❡❧② ❝♦rr❡❧❛t❡❞ ❛t t❤❡ ❧❛♥❞s❝❛♣❡
s❝❛❧❡✱ t❤❡ ♥❡❣❛t✐✈❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡♠ ✇❛s ♦♥❧② R = −0.43 ❛t t❤❡ ♣❛t❝❤ s❝❛❧❡✳
P❛t❝❤ ❢❆P❆❘ r❡♠❛✐♥❡❞ ❤✐❣❤❧② ♣♦s✐t✐✈❡❧② ❝♦rr❡❧❛t❡❞ ✇✐t❤ P❆■ ✭R = 0.96✮✳ ❍♦✇❡✈❡r✱
t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♣❛t❝❤ tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ P❆■ ✇❛s ❧❡ss str♦♥❣❧② ♥❡❣❛t✐✈❡
✭R = −0.57✮ t❤❛♥ ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✳
❚❤❡ ❧❛r❣❡r t❤❡ ♣❛t❝❤ ❛r❡❛ ✇❛s ✐♥ r❡❧❛t✐♦♥ t♦ ✐ts ♣❡r✐♠❡t❡r✱ t❤❡ s♠❛❧❧❡r ✇❛s t❤❡
✐♥✢✉❡♥❝❡ ♦❢ ❜♦r❞❡r✐♥❣ ✈❡❣❡t❛t✐♦♥✱ ▲❆■ ✈❛r✐❛t✐♦♥✱ ❛♥❞ t♦♣♦❣r❛♣❤② ♦♥ t❤❡ ♣❛t❝❤ ❛✈❡r✲
❛❣❡ ❛❧❜❡❞♦✱ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❢❆P❆❘ ✭❋✐❣✉r❡ ✹✳✽✮✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤
❛t ✇❤✐❝❤ ❛ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❝♦♠♣♦♥❡♥t ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ ❜♦✉♥❞❛r② ❡✛❡❝ts ❝❛♥ ❜❡
❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ❝♦♥✈❡r❣❡♥❝❡ ♦❢ ❛♥ ✉♣♣❡r ❛♥❞ ❛ ❧♦✇❡r ❤✉❧❧ ❝✉r✈❡✳ ❉❡♣❡♥❞✐♥❣
♦♥ t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡✱ ✈❛r✐❛t✐♦♥ ✐♥ ♣❛t❝❤ ❛❧❜❡❞♦ ❛♥❞ ❢❆P❆❘ ✇❛s s♠❛❧❧ ❢♦r ♣❛t❝❤❡s
✇✐t❤ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤s ❛❜♦✈❡ 0.5m ♦♥ ❛✈❡r❛❣❡✱ ✇❤✐❧❡ ♣❛t❝❤ tr❛♥s♠✐tt❛♥❝❡ ✇❛s
✈❛r✐❛❜❧❡ ✉♥t✐❧ 0.7m✳ ❍♦✇❡✈❡r✱ t❤❡ ✈❛r✐❛❜✐❧✐t② ❛♠♦♥❣ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇❛s ❧❛r❣❡ ✭❋✐❣✲
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✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
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t❤❡ ✵✳✷✺✱ ✵✳✺✱ ❛♥❞ ✵✳✼✺ q✉❛♥t✐❧❡s✱ t❤❡ ✇❤✐s❦❡rs ❛r❡ t❤❡ ✵✳✵✷ ❛♥❞ ✵✳✾✽ q✉❛♥t✐❧❡s❀ r❡❞
❞♦ts ✐♥❞✐❝❛t❡ t❤❡ ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts ✉s✐♥❣ ❤♦♠♦❣❡♥❡♦✉s ❝♦✈❡r t②♣❡s✳
✉r❡ ✹✳✽✮✳ ❚❤✉s✱ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ s❝❛❧❡ ❞❡♣❡♥❞❡❞ ♦♥ t❤❡ r❛❞✐❛t✐♦♥ q✉❛♥t✐t② ✐♥
q✉❡st✐♦♥ ❛♥❞ ♦♥ ✈❡❣❡t❛t✐♦♥ t②♣❡✳ ■♥ t❡r♠s ♦❢ ♣❛t❝❤ ❛r❡❛✱ ❝♦♥✈❡r❣✐♥❣ ❤✉❧❧ ❢✉♥❝t✐♦♥s
✐♥❞✐❝❛t❡❞ s♠❛❧❧ ❜♦✉♥❞❛r② ❡✛❡❝ts ❢♦r ♣❛t❝❤❡s ♦❢ 7m2 ♦r ♠♦r❡ ❢♦r ❛❧❜❡❞♦ ❛♥❞ ❢❆P❆❘
❛♥❞ 10m2 ❛r❡❛ ❢♦r tr❛♥s♠✐tt❛♥❝❡✱ r❡s♣❡❝t✐✈❡❧②✳ ❆❧t❤♦✉❣❤ ♦♥❧② ✷✪ ♦❢ t❤❡ ♣❛t❝❤❡s
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❋✐❣✉r❡ ✹✳✽✿ ▼❡❛♥ ♣❛t❝❤ ✭❛✱❜✮ ❛❧❜❡❞♦✱ ✭❝✱❞✮ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ✭❡✮ P❆❘ ❛❜s♦r❜❡❞ ❜②
t❤❡ ❝❛♥♦♣② ✭❢❆P❆❘✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ✭♣❛t❝❤ ❛r❡❛ t♦ ♣❡r✐♠❡t❡r
r❛t✐♦✮ ❢♦r ✇❡t s❡❞❣❡s ✭❲✷✲✶✮ ❛♥❞ ❧✐❝❤❡♥✲r✐❝❤ s❤r✉❜s ✭❙✶✲✷✮❀ ♦♥❡ ♣♦✐♥t ♣❡r ♣❛t❝❤❀ t❤❡
❣r❡❡♥ ❧✐♥❡s r❡♣r❡s❡♥t ❡①♣♦♥❡♥t✐❛❧ ❝✉r✈❡s ✜tt❡❞ t♦ t❤❡ ♦✉t❡r ♣♦✐♥ts ❛s ❤✉❧❧ ❝✉r✈❡s ❛♥❞
❝♦♥✈❡r❣✐♥❣ ❛t t❤❡ ✐♥❞✐❝❛t❡❞ ♣♦✐♥t ✭t❤r❡s❤♦❧❞ ❂ ✵✳✵✵✶✮✳
✽✶
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
✹✳✹ ❉✐s❝✉ss✐♦♥
❲❡ ✐❞❡♥t✐✜❡❞ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞r✐✈❡rs ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛t t❤❡ ❧❛♥❞s❝❛♣❡
s❝❛❧❡✱ q✉❛♥t✐✜❡❞ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ✸❉ ♠♦❞❡❧❧✐♥❣ ❛♥❞ s✐♠♣❧❡ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s✱
❛♥❞ ❛ss❡ss❡❞ t❤❡ ❧♦❝❛❧ s❝❛❧❡ ✈❛r✐❛❜✐❧✐t② ♦❢ r❛❞✐❛t✐♦♥ ✢✉①❡s✳
✹✳✹✳✶ ❱❡❣❡t❛t✐♦♥ ♠❛♣ ❛♥❞ ❝❛♥♦♣② ❝❤❛r❛❝t❡r✐st✐❝s
❖✉r ✈❡❣❡t❛t✐♦♥ ♠❛♣ ❤❛❞ ❛ ❑❛♣♣❛ ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✹✹ ✇✐t❤ t❤❡ ♦r✐❣✐♥❛❧ ♥✐♥❡ ❧❛♥❞
❝♦✈❡r ❝❧❛ss❡s✳ ❚❤❡ ❛❝❤✐❡✈❡❞ ❛❝❝✉r❛❝② ✇❛s ❧♦✇❡r t❤❛♥ ✐♥ ♦t❤❡r st✉❞✐❡s ❝❧❛ss✐❢②✐♥❣
t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ✉s✐♥❣ ♦rt❤♦♠♦s❛✐❝s ✭▲❛♥t③ ❡t ❛❧✳✱ ✷✵✶✵❀ ▼✉st❡r ❡t ❛❧✳✱ ✷✵✶✷✮ ♦r
❤✐❣❤ r❡s♦❧✉t✐♦♥ s❛t❡❧❧✐t❡ ✐♠❛❣❡r② ✭❆t❦✐♥s♦♥ ❛♥❞ ❚r❡✐t③ ✱ ✷✵✶✷❀ ❱✐rt❛♥❡♥ ❛♥❞ ❊❦ ✱ ✷✵✶✹❀
❙✐❡✇❡rt ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡ ❞✐✣❝✉❧t✐❡s ♦❢ ♦✉r ❝❧❛ss✐✜❝❛t✐♦♥ ✇❡r❡ ♠♦st❧② ❞✉❡ t♦ s✐♠✐❧❛r
r❡✢❡❝t❛♥❝❡ ♣r♦♣❡rt✐❡s ♦❢ s❡✈❡r❛❧ ❝❧❛ss❡s✳
❚❤❡ ✈❡❣❡t❛t✐♦♥ ❝❧❛ss✐✜❝❛t✐♦♥ ❛❝❝✉r❛❝② ❛♥❞ t❤❡ ✸❉ ♠♦❞❡❧❧✐♥❣ ✭❋✐❣✉r❡ ✹✳✼❛✮ ✐♥❞✐❝❛t❡
t❤❛t s❡✈❡r❛❧ ♦❢ t❤❡ ♣r❡✲❞❡✜♥❡❞ ✈❡❣❡t❛t✐♦♥ ❝❧❛ss❡s ❤❛✈❡ s✐♠✐❧❛r r❡✢❡❝t❛♥❝❡ ♣r♦♣❡rt✐❡s✳
❚❤✐s ❢✉♥❝t✐♦♥❛❧ s✐♠✐❧❛r✐t② ✐s ✐♥ ❝♦♥tr❛st t♦ t❤❡ ❞✐✛❡r❡♥❝❡s ❛♠♦♥❣ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✐♥
t❡r♠s ♦❢ s♣❡❝✐❡s ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s s✉❝❤ ❛s ❤❡✐❣❤t ♦r ♣❧❛♥t ❛r❡❛ ✐♥❞❡①
✭P❆■✮✳ ❆s t❤❡s❡ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s tr❛♥s❧❛t❡ ✐♥t♦ s♣❡❝✐✜❝ r❛❞✐❛t✐♦♥ tr❛♥s♠✐tt❛♥❝❡ ❛♥❞
❛❜s♦r♣t❛♥❝❡ ❝❤❛r❛❝t❡r✐st✐❝s✱ t❤❡② ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t ♣❛rt ✐♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛t
t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡ ❛♥❞ ❛r❡ t❤✉s ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣✳
❲❡ ✉s❡❞ ✜❡❧❞ ♦❜s❡r✈❛t✐♦♥s ♦❢ s♣❛t✐❛❧ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✭▲❆■✮ ✈❛r✐❛❜✐❧✐t② ✇✐t❤✐♥ ✈❡❣✲
❡t❛t✐♦♥ ❝❧❛ss❡s ❛♥❞ ❛♥ ◆❉❱■ ♠❛♣ t♦ ❡①tr❛♣♦❧❛t❡ ▲❆■ ♦✈❡r t❤❡ ✇❤♦❧❡ st✉❞② r❡❣✐♦♥✳
❙❡✈❡r❛❧ st✉❞✐❡s s❤♦✇❡❞ str♦♥❣ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ ◆❉❱■ ❛♥❞ ▲❆■ ✐♥ ❆r❝t✐❝ t✉♥❞r❛
✭❙❤✐♣♣❡rt ❡t ❛❧✳✱ ✶✾✾✺❀ ❘✐❡❞❡❧ ❡t ❛❧✳✱ ✷✵✵✺❀ ❈❛♠♣✐♦❧✐ ❡t ❛❧✳✱ ✷✵✵✾✮✱ ❡s♣❡❝✐❛❧❧② ✐❢ ❡❛❝❤
✈❡❣❡t❛t✐♦♥ t②♣❡ ✇❛s tr❡❛t❡❞ s❡♣❛r❛t❡❧② ✭❙tr❡❡t ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❲✐❧❧✐❛♠s ❡t ❛❧✳ ✭✷✵✵✶✮
❡st✐♠❛t❡❞ ❛ ♠❡❛♥ ❡rr♦r ♦❢ ♣r❡❞✐❝t✐♦♥ ♦❢ ❛r♦✉♥❞ ✶✻✪ ✇❤❡♥ ❡①tr❛♣♦❧❛t✐♥❣ t✉♥❞r❛ ▲❆■
❜❛s❡❞ ♦♥ ◆❉❱■✳ ❍♦✇❡✈❡r✱ ✇❡ ✇❡r❡ ♥♦t ❛❜❧❡ t♦ ✈❛❧✐❞❛t❡ t❤❡ s♣❛t✐❛❧ ▲❆■ ❞✐str✐❜✉t✐♦♥
❞✉❡ t♦ ❛ ❧❛❝❦ ♦❢ ♦❜s❡r✈❛t✐♦♥s ✐♥ t❤❡ s❛♠❡ t✐♠❡ ♣❡r✐♦❞ ❛s t❤❡ ♦rt❤♦♣❤♦t♦s✳ ❆❧❧ ♦t❤❡r
✐♥♣✉t ✈❛r✐❛❜❧❡s✱ ♥❛♠❡❧② ✇♦♦❞ ❛r❡❛ ✐♥❞❡①✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ ✐♥❞❡①✱ ❝❛♥♦♣②
❤❡✐❣❤t✱ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t✱ ✇❡r❡ ❡①tr❛♣♦❧❛t❡❞ ❜❛s❡❞ ♦♥ ❧✐♥❡❛r r❡❧❛t✐♦♥✲
s❤✐♣s ✇✐t❤ ▲❆■✳ ❲❡ ❛r❡ ♥♦t ❛✇❛r❡ ♦❢ ❛♥② ♦t❤❡r st✉❞② ✇❤✐❝❤ s♣❛t✐❛❧❧② ❡①tr❛♣♦❧❛t❡❞
t❤❡s❡ ❝❛♥♦♣② ❝❤❛r❛❝t❡r✐st✐❝s ✐♥ ❛ t✉♥❞r❛ ❡❝♦s②st❡♠✳
❲❡ ❢♦✉♥❞ t❤❛t ❣r❡❡♥ ❧❡❛✈❡s ♦♥❧② ❝♦♥tr✐❜✉t❡❞ ❛❜♦✉t ♦♥❡ ❤❛❧❢ t♦ t❤❡ t♦t❛❧ P❆■✳ ❚❤❡
✐♠♣♦rt❛♥❝❡ ♦❢ ✇♦♦❞ ❢♦r ❆r❝t✐❝ s❤r✉❜ ❝❛♥♦♣✐❡s ❤❛s ❜❡❡♥ ❤✐❣❤❧✐❣❤t❡❞ ❜② ❚❤♦♠♣s♦♥
❡t ❛❧✳ ✭✷✵✵✹✮ ✇❤♦ ♠❡❛s✉r❡❞ ❧❛r❣❡r ✇♦♦❞ ❛r❡❛ ✐♥❞✐❝❡s t❤❛♥ ❧❡❛❢ ❛r❡❛ ✐♥❞✐❝❡s ✐♥ t✉♥❞r❛
s❤r✉❜s✳ ❏✉s③❛❦ ❡t ❛❧✳ ✭✷✵✶✹✮ ❡♠♣❤❛s✐s❡❞ t❤❡ r♦❧❡ ♦❢ ✇♦♦❞ ❢♦r t❤❡ r❛❞✐❛t✐♦♥ ❛❜s♦r♣t✐♦♥
♦❢ t✉♥❞r❛ ❞✇❛r❢ s❤r✉❜s✳ ❚❤❡ ❧❛r❣❡ ❛r❡❛ ♦❢ st❛♥❞✐♥❣ ❞❡❛❞ s❡❞❣❡ ❧❡❛✈❡s ❢♦✉♥❞ ❛t
♦✉r st✉❞② s✐t❡ ✐s r❡❧❡✈❛♥t ❢♦r t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ❛s ❞❡❛❞ ❧❡❛✈❡s ❝❛♥ ❝♦♥tr✐❜✉t❡
s✐❣♥✐✜❝❛♥t❧② t♦ ❝❛♥♦♣② r❡✢❡❝t❛♥❝❡ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✵❜✮ ❛♥❞ s❤❛❞✐♥❣ ✭❈❛❧❞✇❡❧❧
❡t ❛❧✳✱ ✶✾✼✹✮✳
✽✷
✹✳✹✳✷ ❉r✐✈❡rs ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡
❲❡ ❢♦✉♥❞ t❤❛t t❤❡ ❢r❛❝t✐♦♥ ♦❢ st❛♥❞✐♥❣ ✇❛t❡r ✇❛s ❜② ❢❛r t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞r✐✈❡r
♦❢ ❧❛♥❞s❝❛♣❡ ❛❧❜❡❞♦ ✭❚❛❜❧❡ ✹✳✺✮✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ st❛♥❞✐♥❣ ✇❛t❡r ❢♦r s♣❛t✐❛❧ ❛♥❞
t❡♠♣♦r❛❧ t✉♥❞r❛ ❛❧❜❡❞♦ ✈❛r✐❛t✐♦♥s ❤❛s ❜❡❡♥ ❤✐❣❤❧✐❣❤t❡❞ ✐♥ s❡✈❡r❛❧ st✉❞✐❡s ✭▲❛✢❡✉r
❡t ❛❧✳✱ ✶✾✾✼❀ ●❛♠♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮ ❛♥❞ ❤❛s ❜❡❡♥ ❛❝❦♥♦✇❧❡❞❣❡❞ ❜② ❞❡✜♥✐♥❣ ❧❛❦❡ ❛r❡❛
❛s ❡ss❡♥t✐❛❧ ❝❧✐♠❛t❡ ✈❛r✐❛❜❧❡ ✭❇♦❥✐♥s❦✐ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❆r❝t✐❝ t✉♥❞r❛ ♦❢t❡♥ ❝♦♠♣r✐s❡s
s♠❛❧❧ s❝❛❧❡ ✇❛t❡r ❜♦❞✐❡s ✇❤✐❝❤ ❝❛♥♥♦t ❜❡ ❞❡t❡❝t❡❞ ❜❛s❡❞ ♦♥ ♠❡❞✐✉♠ r❡s♦❧✉t✐♦♥
s❛t❡❧❧✐t❡ ✐♠❛❣❡r② s✉❝❤ ❛s ▲❛♥❞s❛t✲✼ ✭▼✉st❡r ❡t ❛❧✳✱ ✷✵✶✷❀ ❱✐rt❛♥❡♥ ❛♥❞ ❊❦ ✱ ✷✵✶✹✮✳
■♥ ♣♦❧②❣♦♥❛❧ t✉♥❞r❛✱ t❤✐s ❝❛♥ ❧❡❛❞ t♦ ❛ ✸✺✪ ❧♦✇❡r ❡st✐♠❛t❡ ♦❢ ✇❛t❡r s✉r❢❛❝❡ ❛r❡❛
❛♥❞ tr❛♥s❧❛t❡ ✐♥t♦ ❤✐❣❤ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ ❡♥❡r❣② ✢✉①❡s✱ ❡s♣❡❝✐❛❧❧② ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥
✭▼✉st❡r ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❲❤✐❧❡ s♠❛❧❧ ✇❛t❡r ❜♦❞✐❡s ❛r❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ s❛t❡❧❧✐t❡ ❛❧❜❡❞♦
❡st✐♠❛t❡s✱ t❤❡② ❛r❡ ♥❡❣❧❡❝t❡❞ ✐♥ ♠❡❞✐✉♠ ❛♥❞ ❧❛r❣❡ s❝❛❧❡ ❧❛♥❞❝♦✈❡r ♠❛♣s ✭s✉❝❤ ❛s
●♦✉❧❞ ❡t ❛❧✳✱ ✷✵✵✸❀ ❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❙✐♠♣❧✐✜❡❞ ❧❛♥❞❝♦✈❡r ♠❛♣s ❛♥❞ ✉♥❞❡r❡st✐✲
♠❛t✐♦♥ ♦❢ t❤❡ ✇❛t❡r s✉r❢❛❝❡ ❛r❡❛ ❝❛♥ ❛✛❡❝t ❧❛r❣❡ s❝❛❧❡ ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts✱ ❡s♣❡❝✐❛❧❧②
✐♥ ✇❡t❧❛♥❞s✳ ❖✉r r❡s✉❧ts s❤♦✇❡❞ t❤❛t ✇❡t❧❛♥❞s ✇✐t❤ ❤✐❣❤ ❝♦✈❡r ♦❢ ♣❡❛t ♠♦ss❡s ♦r
❞r② s❡❞❣❡s ❤❛❞ t❤❡ ❤✐❣❤❡st ❛❧❜❡❞♦ ✇✐t❤✐♥ t❤❡ t✉♥❞r❛ ❧❛♥❞s❝❛♣❡ ❛t ♦✉r s✐t❡✱ ✇❤✐❧❡
✇❛t❡r ❜♦❞✐❡s ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ❤❛❞ t❤❡ ❧♦✇❡st ❛❧❜❡❞♦ ✭❋✐❣✉r❡ ✹✳✼✮✳
❚❤❡ s❡❝♦♥❞ s✐❣♥✐✜❝❛♥t ❞r✐✈❡r ♦❢ ❧❛♥❞s❝❛♣❡ ❛❧❜❡❞♦ ✇❛s s❤r✉❜ ❝♦✈❡r✱ ✇❤✐❝❤ ✇❛s
♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ P❆■✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ s❤r✉❜ ❝♦✈❡r ✐s ✇❡❧❧ ❦♥♦✇♥✱ ❛s s❤r✉❜
❡①♣❛♥s✐♦♥ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❛ ♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦ t♦ ❣❧♦❜❛❧ ✇❛r♠✐♥❣ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱
✷✵✵✺❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❝❀ ▲❛✇r❡♥❝❡ ❛♥❞ ❙✇❡♥s♦♥✱ ✷✵✶✶✮✳ ❍♦✇❡✈❡r✱ ❛t t❤❡ ❧❛r❣❡r s❝❛❧❡s
s❤r✉❜ ❝♦✈❡r ❛♥❞ P❆■ ❛r❡ ❧✐♥❦❡❞ ✭❚❤♦♠♣s♦♥ ❡t ❛❧✳✱ ✷✵✵✹❀ ❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮ ❛♥❞
t❤❡✐r r❡❧❛t✐✈❡ ✐♠♣♦rt❛♥❝❡ ❢♦r ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦ ❝❛♥♥♦t ❡❛s✐❧② ❜❡ ❞✐s❡♥t❛♥❣❧❡❞
✐♥ ♠♦❞❡❧❧✐♥❣ st✉❞✐❡s t❤❛t ✐♥❝r❡❛s❡ ❜♦t❤ ✈❛❧✉❡s s✐♠✉❧t❛♥❡♦✉s❧② ✭s✉❝❤ ❛s ✐♥ ▲❛✇r❡♥❝❡
❛♥❞ ❙✇❡♥s♦♥✱ ✷✵✶✶❀ ❇♦♥✜❧s ❡t ❛❧✳✱ ✷✵✶✷✮✳
P❆■ ❡①♣❧❛✐♥❡❞ ❛❧♠♦st ❛❧❧ ✈❛r✐❛❜✐❧✐t② ♦❢ tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ ❢❆P❆❘ ❛♠♦♥❣ t❤❡ tr❛♥✲
s❡❝ts✳ ❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ P❆■ ❢♦r ❢❆P❆❘ ✭▼②♥❡♥✐ ❡t ❛❧✳✱ ✶✾✾✼❀ ❆s♥❡r ❡t ❛❧✳✱ ✶✾✾✽❀
❙❤❛❜❛♥♦✈ ❡t ❛❧✳✱ ✷✵✵✵✮ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡ ❤❛s ❜❡❡♥ ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ♦t❤❡r st✉❞✐❡s
✭❋❧❡r❝❤✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✾❀ ❏✉s③❛❦ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❆t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✱ ❛✈❡r❛❣❡ ♣❛t❝❤
❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ✭t❤❡ r❛t✐♦ ♦❢ ♣❛t❝❤ ❛r❡❛ ❛♥❞ ♣❡r✐♠❡t❡r✮ ❞✐❞ ♥♦t s✐❣♥✐✜❝❛♥t❧②
✐♥✢✉❡♥❝❡ t❤❡ r❛❞✐❛t✐✈❡ ❜✉❞❣❡t ✭❚❛❜❧❡ ✹✳✺✮✳
✹✳✹✳✸ ❈♦♠♣❛r✐s♦♥ ♦❢ ❉❆❘❚ ♠♦❞❡❧ r❡s✉❧ts ✇✐t❤ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s
❖✉r s✐♠✉❧❛t✐♦♥s ✐♥❞✐❝❛t❡❞ t❤❛t ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s ♦✈❡r❡st✐♠❛t❡ t❤❡ ❛❧❜❡❞♦ ♦❢ ❝♦♠♣❧❡①
❧❛♥❞s❝❛♣❡s ❛s ❝♦♠♣❛r❡❞ t♦ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣✳ ❚❤✐s ✜♥❞✐♥❣ ✐s ❝♦♥s✐st❡♥t
✇✐t❤ st✉❞✐❡s ♦❢ t❤❡ ❢♦r❡st ❛♥❞ t❤❡ ❣❧♦❜❛❧ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✭❘♦✇❡✱ ✶✾✾✸❀ ❨✉❛♥ ❡t ❛❧✳✱
✷✵✶✹✮✳ ❍♦✇❡✈❡r✱ ✐♥ ♦✉r st✉❞②✱ t❤❡ ❞✐✛❡r❡♥❝❡ ✇❛s ♦♥❧② ❛❜♦✉t ✸✪ ✭❋✐❣✉r❡ ✹✳✻✮✳ ❚❤❡
s♠❛❧❧ ❡✛❡❝t ♠❛② ❜❡ ❞✉❡ t♦ ❧♦✇ ❝❛♥♦♣② ❤❡✐❣❤t ✐♥ ♦✉r s✐♠✉❧❛t✐♦♥s ✭❉✐❝❦✐♥s♦♥ ❡t ❛❧✳✱
✷✵✵✽✮✳
✽✸
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
❙✐♠✉❧❛t✐♦♥s ✇✐t❤ t❤❡ ✸❉ ❛♣♣r♦❛❝❤ ♦♥ ❛✈❡r❛❣❡ ✐♥❝r❡❛s❡❞ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ❜②
♦♥❧② ✸✪ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ s✐♠♣❧❡ ❛♣♣r♦❛❝❤✳ ❚❤❡ ✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ tr❛♥s♠✐tt❛♥❝❡
❜② s✐♠♣❧❡ ♠♦❞❡❧s ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ❑♥②❛③✐❦❤✐♥ ❡t ❛❧✳ ✭✶✾✾✼✮✱ ✇❤♦ ❢♦✉♥❞ t❤❛t ✶❉
s✐♠✉❧❛t✐♦♥s ♦✈❡r❡st✐♠❛t❡ t❤❡ ❞❡❝❧✐♥❡ ♦❢ s♦❧❛r r❛❞✐❛t✐♦♥ ✐♥ ❛ ❝❛♥♦♣② ✇✐t❤ ❞❡♣t❤✳
■♥ ❧✐♥❡ ✇✐t❤ ❛❧❜❡❞♦ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡✱ t❤❡ ❢❆P❆❘ r❡s✉❧ts r❡✈❡❛❧❡❞ ❧✐tt❧❡ ❞✐✛❡r❡♥❝❡s
❜❡t✇❡❡♥ t❤❡ ✸❉ ♠♦❞❡❧ ❛♥❞ ❛ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡✱ ✇❤✐❧❡ ♦t❤❡r st✉❞✐❡s r❡♣♦rt s✐❣♥✐✜❝❛♥t
✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ ❢❆P❆❘ ✉s✐♥❣ ✶❉ ♠♦❞❡❧s ✭❑♦❜❛②❛s❤✐ ❡t ❛❧✳✱ ✷✵✶✹❀ ▲♦❡✇ ❡t ❛❧✳✱ ✷✵✶✹❀
❨✉❛♥ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❑♦❜❛②❛s❤✐ ❡t ❛❧✳ ✭✷✵✶✹✮ s❤♦✇ t❤❛t ✶❉ s✐♠✉❧❛t✐♦♥s ✐♥ ❜♦r❡❛❧ ❢♦r❡sts
✉♥❞❡r❡st✐♠❛t❡ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❧✐❣❤t ❛❜s♦r❜❡❞ ❜② t❤❡ ❝❛♥♦♣② ✭❢❆P❆❘✮ ❜② ❛❜♦✉t ✺✵✪✳
❆s ❢♦r ❛❧❜❡❞♦ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡✱ t❤❡ s♠❛❧❧ ❡✛❡❝t t❤❛t ✇❡ ❢♦✉♥❞ ✐s ♠♦st ❧✐❦❡❧② ❞✉❡
t♦ t❤❡ ❧♦✇ ✈❡❣❡t❛t✐♦♥ ❛t ♦✉r st✉❞② s✐t❡✳ ❚❤❡ t✉♥❞r❛ ❝❛♥♦♣② ✐♥ ♦✉r ♠♦❞❡❧ ✐s ❧❡ss
t❤❛♥ 80 cm t❛❧❧✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ✇❡ ❡①♣❧✐❝✐t❧② ✐♥❝❧✉❞❡ ❝❛♥♦♣② ❣❛♣s ❛s ✐♥❞❡♣❡♥❞❡♥t
✈❡❣❡t❛t✐♦♥ t②♣❡s ✐♥ ❜♦t❤ s✐♠✉❧❛t✐♦♥s✱ ✸❉ ❛♥❞ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s✳
❖✈❡r❛❧❧✱ ✇❡ ✜♥❞ t❤❛t t✉♥❞r❛ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❢❆P❆❘ ❛r❡ ❧❡ss s❡♥s✐t✐✈❡
t♦ ♠♦❞❡❧ ❝♦♠♣❧❡①✐t② t❤❛♥ t♦ ❧❛♥❞❝♦✈❡r t②♣❡ ❛♥❞ ❝❛♥♦♣② ❝❤❛r❛❝t❡r✐st✐❝s ❛t t❤❡ ❧❛♥❞✲
s❝❛♣❡ s❝❛❧❡✳ ❆s t❤❡ ❡✛❡❝t ♦❢ ❞✐✛❡r❡♥t ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s ✐s ♠✉❝❤ s♠❛❧❧❡r t❤❛♥ t❤❡
✈❛r✐❛❜✐❧✐t② ❛♠♦♥❣ t❤❡ tr❛♥s❡❝ts✱ ✇❡ s✉❣❣❡st t❤❛t ♠♦r❡ ❡✛♦rt s❤♦✉❧❞ ❜❡ ♠❛❞❡ t♦
❡st✐♠❛t❡ ✇❛t❡r ❝♦✈❡r✱ s❤r✉❜ ❝♦✈❡r✱ ❛♥❞ P❆■ t❤❛♥ t♦ ♠♦r❡ ♣❤②s✐❝❛❧❧② ❜❛s❡❞ ♠♦❞✲
❡❧❧✐♥❣ ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✳ ❍♦✇❡✈❡r✱ t❤❡ ✸❉ ♠♦❞❡❧ r❡s✉❧ts ❞❡♣❡♥❞ ♦♥ t❤❡ ♠♦❞❡❧
♣❛r❛♠❡tr✐s❛t✐♦♥ ❛♥❞ ♠❛② ❞✐✛❡r ♠♦r❡ str♦♥❣❧② ❢r♦♠ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s ✇❤❡♥ ♣❧❛♥ts
❛r❡ s✐♠✉❧❛t❡❞ ❛s ♦❜❥❡❝ts ✐♥st❡❛❞ ♦❢ t✉r❜✐❞ ♠❡❞✐❛✱ ♦r ✇❤❡♥ t❤❡ t✉r❜✐❞ ♠❡❞✐❛ ✐♥❝❧✉❞❡
✈❡rt✐❝❛❧ ❣r❛❞✐❡♥ts✳ ❋✉rt❤❡r♠♦r❡✱ ✇❡ ✜♥❞ t❤❛t ❛t t❤❡ s♠❛❧❧ s❝❛❧❡ t❤❡ ❤❡t❡r♦❣❡♥❡✐t②
♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❝❛♥ ❜❡ s✉❜st❛♥t✐❛❧ ❛♥❞ ♠❛② r❡q✉✐r❡ ✸❉ ♠♦❞❡❧❧✐♥❣ ✐♥ ❝❛s❡ ♦❢
♥♦♥✲❧✐♥❡❛r ❢❡❡❞❜❛❝❦s✳
✹✳✹✳✹ ❙♠❛❧❧ s❝❛❧❡ s♣❛t✐❛❧ ✈❛r✐❛t✐♦♥ ✐♥ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❢❆P❆❘
■♥ ❛❣r❡❡♠❡♥t ✇✐t❤ ❖❧✐♣❤❛♥t ❡t ❛❧✳ ✭✷✵✵✻✮✱ ✇❡ ❢♦✉♥❞ t❤❛t ❛t t❤❡ 5 cm ♣✐①❡❧ ❛♥❞ t❤❡
♣❛t❝❤ s❝❛❧❡ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❢❆P❆❘ ❝❛♥ ❜❡ s✉❜st❛♥t✐❛❧❧② ❞✐✛❡r❡♥t ❢r♦♠
♠❡❛♥ ✈❛❧✉❡s ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❲❤✐❧❡ tr❛♥s♠✐tt❛♥❝❡ ✈❛r✐❛❜✐❧✐t②
♠❛② ✐♥✢✉❡♥❝❡ ♣❡r♠❛❢r♦st t❤❛✇ ❧♦❝❛❧❧② ✭❇r✐❣❣s ❡t ❛❧✳✱ ✷✵✶✹✮✱ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❢❆P❆❘
❢♦r t❤❡ ❝❛♥♦♣② ❡♥❡r❣②✱ ✇❛t❡r✱ ❛♥❞ ❝❛r❜♦♥ ❜✉❞❣❡t ❤❛s ❜❡❡♥ s❤♦✇♥ ✐♥ s❡✈❡r❛❧ st✉❞✲
✐❡s ♦❢ t✉♥❞r❛ ❡❝♦s②st❡♠s ✭❈❛❧❞✇❡❧❧ ❡t ❛❧✳✱ ✶✾✼✹❀ ❍✉❡♠♠r✐❝❤ ❡t ❛❧✳✱ ✷✵✶✵❀ ❚❛❣❡ss♦♥
❡t ❛❧✳✱ ✷✵✶✷✮✳ ❋♦r ❡①❛♠♣❧❡✱ ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ✐s s❡♥s✐t✐✈❡ t♦ s♣❛t✐❛❧ ❤❡t❡r♦❣❡♥❡✐t②
♦❢ r❛❞✐❛t✐♦♥ ✭❙♦♥❣ ❡t ❛❧✳✱ ✷✵✵✾❀ ❍❡ ❡t ❛❧✳✱ ✷✵✶✹✮✳ ❍❡ ❡t ❛❧✳ ✭✷✵✶✹✮ s✐♠✉❧❛t❡❞ ❧♦✇❡r
✇❛t❡r str❡ss ✐♥ ❛ ❢♦r❡st ✇✐t❤ ❛ ♠♦❞❡❧ t❤❛t ✐♥❝❧✉❞❡❞ ✸❉ r❛❞✐❛t✐✈❡ ✢✉①❡s ❛♥❞ ❝❛♥♦♣②
str✉❝t✉r❡ ❛s ❝♦♠♣❛r❡❞ t♦ ❛ ❤♦♠♦❣❡♥❡♦✉s ❝❛s❡ ❞✉❡ t♦ t❤❡ ❧✐❣❤t ❧✐♠✐t❡❞ ✈❡❣❡t❛t✐♦♥ ✐♥
s❤❛❞❡❞ ❛r❡❛s✳ ❙♣r✐♥ts✐♥ ❡t ❛❧✳ ✭✷✵✶✷✮ s❤♦✇❡❞ str♦♥❣ ❡✛❡❝ts ♦❢ t❤❡ r❛❞✐❛t✐♦♥ s❝❤❡♠❡
♦♥ ♠♦❞❡❧❧❡❞ ❣r♦ss ♣r✐♠❛r② ♣r♦❞✉❝t✐♦♥✳
❇♦✉♥❞❛r② ❡✛❡❝ts ❡①t❡♥❞❡❞ t♦ ❧❛r❣❡r ♣❛t❝❤❡s ❢♦r ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ❛s ❝♦♠♣❛r❡❞
✽✹
t♦ ❛❧❜❡❞♦ ❛♥❞ ❢❆P❆❘✳ ❚❤✐s ♠❛② ❜❡ ❛ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ ❞✐✛❡r❡♥t r❡❧❡✈❛♥t ❧❡✈❡❧s✳
❲❤✐❧❡ ❛❧❜❡❞♦ ❛♥❞ ❢❆P❆❘ ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ♠❡❛♥ s❝❛tt❡r✐♥❣ ❝❡♥tr❡ ♦❢ t❤❡ ❝❛♥♦♣②✱
tr❛♥s♠✐tt❛♥❝❡ ✐s ❞❡✜♥❡❞ ❜❡❧♦✇ ❝❛♥♦♣②✳ ❚❤✉s ❧❛t❡r❛❧ s❤❛❞✐♥❣ ♠❛② ❛✛❡❝t t❤❡ r❛❞✐❛t✐♦♥
❛t s♦✐❧ ❧❡✈❡❧ ❢✉rt❤❡r ❛✇❛② ❢r♦♠ t❤❡ t❛❧❧ ❡❧❡♠❡♥ts✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ s❝❛❧❡
❞✐✛❡r❡❞ ❜❡t✇❡❡♥ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s ❝♦♠♣❧❡① ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡
s♣❛t✐❛❧ ✈❡❣❡t❛t✐♦♥ ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✳
❆❧t❤♦✉❣❤ ♦✉r ❧❛♥❞s❝❛♣❡ s❝❛❧❡ s✐♠✉❧❛t✐♦♥s r❡✈❡❛❧❡❞ ❧✐tt❧❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡
r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ t❤❡ ✸❉ ♠♦❞❡❧ ❛♥❞ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡s✱ ✇❡ ✜♥❞ t❤❛t ❛t t❤❡ s♠❛❧❧
s❝❛❧❡✱ ❤❡t❡r♦❣❡♥❡✐t② ❝❛♥ ❜❡ s✉❜st❛♥t✐❛❧✳ ❆s t✉♥❞r❛ ❧❛♥❞s❝❛♣❡s t②♣✐❝❛❧❧② ❝♦♠♣r✐s❡
s♠❛❧❧ s❝❛❧❡ ✈❡❣❡t❛t✐♦♥ ♣❛tt❡r♥s ✭●❛♠♦♥ ❡t ❛❧✳✱ ✷✵✶✸❀ ❱✐rt❛♥❡♥ ❛♥❞ ❊❦ ✱ ✷✵✶✹✮✱ ❧♦❝❛❧
✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♠❛② ✐♥✢✉❡♥❝❡ ❧❛r❣❡r s❝❛❧❡ ❡♥❡r❣②✱ ✇❛t❡r✱
❛♥❞ ❝❛r❜♦♥ ✢✉①❡s ✐♥ ❝❛s❡ ♦❢ ♥♦♥✲❧✐♥❡❛r r❡s♣♦♥s❡s✳
✹✳✺ ❈♦♥❝❧✉s✐♦♥s
❖✉r ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ s✉r❢❛❝❡ ❛r❡❛ ♦❢ ✇❛t❡r ❜♦❞✐❡s ❛♥❞ ✇❛t❡r❧♦❣❣❡❞
s❡❞❣❡s ✐s t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❞r✐✈❡r ♦❢ t✉♥❞r❛ ❛❧❜❡❞♦ ✐♥ s✉♠♠❡r✳ ❙❤r✉❜ ❝♦✈❡r ✐s t❤❡
s❡❝♦♥❞ ♠♦st ✐♠♣♦rt❛♥t ❝♦♥tr♦❧ ❛♥❞ ❡①♣❧❛✐♥s ♠♦r❡ ♦❢ t❤❡ s♣❛t✐❛❧ ❛❧❜❡❞♦ ✈❛r✐❛t✐♦♥s
t❤❛♥ ♣❧❛♥t ❛r❡❛ ✐♥❞❡①✳ ❈❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ ❛❜s♦r❜❡❞ P❆❘ ❛r❡ ❛❧♠♦st ❡♥t✐r❡❧②
❝♦♥tr♦❧❧❡❞ ❜② ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✳ ❆t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✱ ✸❉
r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts ✐♥ ❛❜♦✉t ✸✪ ❧♦✇❡r ❛❧❜❡❞♦ ❛♥❞ ❝❛♥♦♣② ❛❜s♦r❜❡❞
P❆❘ ❛♥❞ ✸✪ ❤✐❣❤❡r ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ❛s ❝♦♠♣❛r❡❞ t♦ ❛ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♦❢ t❤❡
r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❝♦♥tr✐❜✉t✐♥❣ t♦ t❤❡ ❧❛♥❞s❝❛♣❡✳ ❚❤✉s✱ t❤❡
❡✛❡❝t ♦❢ ❞✐✛❡r❡♥t ♠♦❞❡❧ ❝♦♠♣❧❡①✐t✐❡s ✐s ♠✉❝❤ s♠❛❧❧❡r t❤❛♥ t❤❡ ✈❛r✐❛❜✐❧✐t② ❞❡♣❡♥❞✐♥❣
♦♥ t❤❡ ❝♦✈❡r t②♣❡ ❛♥❞ ❝❛♥♦♣② ♣❧❛♥t ❛r❡❛✳ ❍♦✇❡✈❡r✱ ✉s✐♥❣ t❤❡ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r
♠♦❞❡❧ ✇❡ ❢♦✉♥❞ ❝♦♥s✐❞❡r❛❜❧❡ ✈❛r✐❛❜✐❧✐t② ♦❢ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❝❛♥♦♣② ❛❜✲
s♦r❜❡❞ P❆❘ ❛t t❤❡ ❧♦❝❛❧ s❝❛❧❡✳ ❚❤✐s ❧♦❝❛❧ s❝❛❧❡ r❛❞✐❛t✐♦♥ ✈❛r✐❛❜✐❧✐t② ♠❛② ✐♥✢✉❡♥❝❡
♣❤♦t♦s②♥t❤❡s✐s ❛♥❞ ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✳ ❖✉r r❡s✉❧ts ❤✐❣❤❧✐❣❤t t❤❛t ❧❛r❣❡ s❝❛❧❡ ♠♦❞✲
❡❧❧✐♥❣ st✉❞✐❡s ♥❡❡❞ t♦ t❤♦r♦✉❣❤❧② ♣❛r❛♠❡tr✐s❡ t❤❡ ❧♦❝❛❧ s❝❛❧❡ ✇❛t❡r ❝♦✈❡r ❛♥❞ t❤❡
♣❧❛♥t ❛r❡❛ ✐♥❞❡①✱ ✇❤✐❝❤ ❞♦❡s ♥♦t ♦♥❧② ✐♥❝❧✉❞❡ ❣r❡❡♥ ❧❡❛✈❡s ❜✉t ❛❧s♦ st❛♥❞✐♥❣ ❞❡❛❞
❧❡❛✈❡s ❛♥❞ ✇♦♦❞✳
❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts
❲❡ t❤❛♥❦ ❚✐♠ ●rü♥❜❡r❣✱ ■♥st✐t✉t❡ ♦❢ ❋❧✉✐❞ ❉②♥❛♠✐❝s✱ ❊❚❍ ❩✉r✐❝❤✱ ❢♦r ❤❡❧♣✐♥❣ ✇✐t❤
t❤❡ ♣r♦❥❡❝t✐♦♥ ♦❢ ❧❡❛❢ ❛♥❣❧❡s✱ r❛st❡r ❝❛❧❝✉❧❛t✐♦♥s✱ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧ r❡s♦✉r❝❡s✳ ❚❤✐s
✇♦r❦ ✐s s✉♣♣♦rt❡❞ ❜② t❤❡ ❙✇✐ss ◆❛t✐♦♥❛❧ ❙❝✐❡♥❝❡ ❋♦✉♥❞❛t✐♦♥ t❤r♦✉❣❤ ♣r♦❥❡❝t ❣r❛♥t
✶✹✵✻✸✶ ❛♥❞ ❜② t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤ r❡s❡❛r❝❤ ♣r✐♦r✐t② ♣r♦❣r❛♠ ♦♥ ●❧♦❜❛❧ ❈❤❛♥❣❡
❛♥❞ ❇✐♦❞✐✈❡rs✐t② ✭❯❘PP ●❈❇✮✳
✽✺
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
✹✳❆ ❉❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞s
✹✳❆✳✶ ■♥♣✉t ✈❛r✐❛❜❧❡s ❢♦r r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣
P❧❛♥t ❛r❡❛ ✐♥❞❡① ❲❡ ✉s❡❞ ❞✐✛❡r❡♥t ♠❡t❤♦❞s t♦ ♠❡❛s✉r❡ ❣r❡❡♥ ❧❡❛❢ ❛r❡❛ ✐♥❞❡①
✭▲❆■✮ ❢♦r s❤r✉❜s ❛♥❞ ❣r❛♠✐♥♦✐❞s ✐♥ t❤❡ ✜❡❧❞✳ ❇❡t✉❧❛ ♥❛♥❛ ✭❙✶✲✶✮ ♣r♦❥❡❝t❡❞ ▲❆■ ❛♥❞
✇♦♦❞ ❛r❡❛ ✐♥❞❡① ✇❡r❡ ♠❡❛s✉r❡❞ ♥♦♥✲❞❡str✉❝t✐✈❡❧② ✉s✐♥❣ 1m × 1m ♣♦✐♥t q✉❛❞r❛t
❣r✐❞s ✇❤❡r❡ ✇❡ ✈❡rt✐❝❛❧❧② ❧♦✇❡r❡❞ ❛ ♥❡❡❞❧❡ ❛t ✽✶ ♣♦✐♥ts ❛♥❞ r❡❝♦r❞❡❞ ❛❧❧ ❝♦♥t❛❝ts
✇✐t❤ ❧❡❛✈❡s ♦r ✇♦♦❞✳ ❲❡ ❞✐❞ ✐♥ t♦t❛❧ ✷✺ ♠❡❛s✉r❡♠❡♥ts ♦♥ ✶✵ ♣❧♦ts ✇✐t❤✐♥ t✇♦
❣r♦✇✐♥❣ s❡❛s♦♥s✳ ❲❡ ❝♦♠♣✉t❡❞ ▲❆■ ❜② ❞✐✈✐❞✐♥❣ ♣r♦❥❡❝t❡❞ ▲❆■ ❜② t❤❡ ❛✈❡r❛❣❡ ♣♦✐♥t
q✉❛❞r❛t ❡✣❝✐❡♥❝②✳ ❚❤❡ ♣♦✐♥t q✉❛❞r❛t ❡✣❝✐❡♥❝② ✇❛s ❡st✐♠❛t❡❞ ✐♥ t✇♦ ❞❡str✉❝t✐✈❡
❤❛r✈❡sts t♦ ❜❡ ✵✳✼✽ ❢♦r ❇✳ ♥❛♥❛ ❧❡❛✈❡s ❛♥❞ ✵✳✼✻ ❢♦r ❇✳ ♥❛♥❛ ✇♦♦❞✳
❋♦r ❡st✐♠❛t✐♥❣ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ✭❲✷✲✶ ❛♥❞ ❲✷✲✷✮ ▲❆■✱ ✇❡ ✉s❡❞ ❛♥
❛❧❧♦♠❡tr✐❝ ❛♣♣r♦❛❝❤✱ ✇❤✐❝❤ ✐♥✈♦❧✈❡❞ ❝♦✉♥t✐♥❣ ❧❡❛✈❡s ❛♥❞ ❞❡str✉❝t✐✈❡❧② ♠❡❛s✉r✐♥❣
s✐♥❣❧❡ ❧❡❛❢ ❛r❡❛s✳ ❋♦r s✉❜✲❝❧❛ss ❲✷✲✶✱ ✇❡ ♠❡❛s✉r❡❞ ❝❛♥♦♣② ❤❡✐❣❤t ❛♥❞ ❝♦✉♥t❡❞ ❛❧❧
t✐❧❧❡rs ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❣r❡❡♥ ❧❡❛✈❡s ♣❡r t✐❧❧❡r ♦♥ ✶✻ sq✉❛r❡s ♦❢ 100 cm2 ♦♥ 1m2✳
❲❡ ❞✐❞ ✐♥ t♦t❛❧ ✸✵ ♠❡❛s✉r❡♠❡♥ts ♦♥ ❡❧❡✈❡♥ ♣❧♦ts ✇✐t❤✐♥ t✇♦ ❣r♦✇✐♥❣ s❡❛s♦♥s✳ ❋♦r
s✉❜✲❝❧❛ss ❲✷✲✷✱ ✇❡ ♠❡❛s✉r❡❞ ❝❛♥♦♣② ❤❡✐❣❤t✱ ❝♦✉♥t❡❞ t✐❧❧❡rs ❛♥❞ ❧❡❛✈❡s ♦♥ ❢♦✉r ♣❧♦ts
♦❢ 50 cm×50 cm✳ ❲❡ ❝♦♠❜✐♥❡❞ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ❜♦t❤ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠ s✉❜✲❝❧❛ss❡s
✇✐t❤ ❞❡str✉❝t✐✈❡❧② ♠❡❛s✉r❡❞ ❧❡❛❢ s✐③❡s ❛s ✐♥ ❏✉s③❛❦ ❡t ❛❧✳ ✭✷✵✶✻❛✮✳ ❲❡ ♠❡❛s✉r❡❞ t❤❡
t♦t❛❧ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ ♦❢ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠ ♦♥ t❤r❡❡ ❞❡str✉❝t✐✈❡ ♣❧♦ts ♦❢ ✇❡t
s❡❞❣❡ t✉♥❞r❛ ✭❲✷✲✶✮ ❜② ✇❡✐❣❤✐♥❣ ❛❧❧ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❛♥❞ s❝❛♥♥✐♥❣ ❛ s✉❜s❡t✳
❊r✐♦♣❤♦r✉♠ ✈❛❣✐♥❛t✉♠ ✭●✹✮ ▲❆■ ✇❛s ❡st✐♠❛t❡❞ ♦♥ s❡✈❡♥ ♣❧♦ts ♦❢ 50 cm× 50 cm✳
❲❡ ❝♦✉♥t❡❞ t❤❡ ♥✉♠❜❡r ♦❢ ❧❡❛✈❡s ♣❡r ♣❧♦t ❛♥❞ ♠✉❧t✐♣❧✐❡❞ ✐t ❜② t❤❡ ❛✈❡r❛❣❡ ❛r❡❛ ♦❢
s✐♥❣❧❡ ❧❡❛✈❡s t❤❛t ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ s❝❛♥♥✐♥❣✳
❲❡ ❡①tr❛♣♦❧❛t❡❞ t❤❡ ▲❆■ s♣❛t✐❛❧❧② ✉s✐♥❣ t❤❡ ◆❉❱■ ❛♥❞ ❛♥ ❡①♣♦♥❡♥t✐❛❧ ❢✉♥❝t✐♦♥
✭❊q✉❛t✐♦♥ ✹✳✷✮✳ ❚♦ ❛✈♦✐❞ ✉♥r❡❛❧✐st✐❝❛❧❧② ❧❛r❣❡ ▲❆■ ✈❛❧✉❡s✱ ✇❡ r❡❞✉❝❡❞ ❛❧❧ ▲❆■ ✇❤✐❝❤
✇❡r❡ ♠♦r❡ t❤❛♥ ✶✳✺ t✐♠❡s ❤✐❣❤❡r t❤❛♥ t❤❡ ♠❛①✐♠✉♠ ♦❜s❡r✈❛t✐♦♥ t♦ t❤❡ ♠❛①✐♠✉♠
♦❜s❡r✈❡❞ ▲❆■✳ ❚❤❡ ♣❛r❛♠❡t❡rs a ❛♥❞ b ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳✻ ❛♥❞ t❤❡ st❛t✐st✐❝s ♦❢ t❤❡
♠♦❞❡❧❧❡❞ ▲❆■ ♣❡r ✈❡❣❡t❛t✐♦♥ t②♣❡ ✐♥ t❤❡ tr❛♥s❡❝ts ✐♥ ❚❛❜❧❡ ✹✳✸✳ ❲❡ ✉s❡❞ ❧✐t❡r❛t✉r❡
✈❛❧✉❡s ♦❢ ▲❆■ ❢♦r ❧♦✇ s❤r✉❜ t✉♥❞r❛ ✭❙✷✮ ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡ t✉♥❞r❛ ✭❲✷✲✹✮✳ ❋♦r
❧♦✇ s❤r✉❜ t✉♥❞r❛ ✇❡ t♦♦❦ t❤❡ ♠✐♥✐♠✉♠ ✭▲❆■❂✵✳✼✼✮ ❛♥❞ ♠❛①✐♠✉♠ ✭▲❆■❂✶✳✾✺✮
✈❛❧✉❡s ❢r♦♠ ■♠♥❛✈❛✐t ❝r❡❡❦ ✇❛t❡r tr❛❝❦s✱ ❆❧❛s❦❛ ❜② ❲✐❧❧✐❛♠s ❡t ❛❧✳ ✭✷✵✵✻✮ ❛♥❞ ✜tt❡❞
t❤❡♠ t♦ t❤❡ ✵✳✵✺ ❛♥❞ ✵✳✾✺ q✉❛♥t✐❧❡s ♦❢ t❤❡ ◆❉❱■ ❞❛t❛✳ ❚❤❡ ❧✐t❡r❛t✉r❡ ▲❆■ ✈❛❧✉❡s
✇❡r❡ ❝♦♥s✐st❡♥t ✇✐t❤ ♦t❤❡r s♦✉r❝❡s ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❋♦r ❈❛r❡① s♣♣✳ ❞♦♠✐♥❛t❡❞
✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡ t✉♥❞r❛ ✇❡ ✉s❡❞ ▲❆■❂✵✳✹ ✭❈❛r❡① s♣♣✳ ❞♦♠✐♥❛t❡❞ ✇❡t❧❛♥❞ ♥❡❛r
❚♦♦❧✐❦✱ ❆❧❛s❦❛✱ ❙❤❛✈❡r ❛♥❞ ❈❤❛♣✐♥ ✭✶✾✾✶✮❀ ▼❝❋❛❞❞❡♥ ❡t ❛❧✳ ✭✷✵✵✸✮✮ ❛s ♠❡❞✐❛♥ ❛♥❞
t♦♦❦ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ ▲❆■❂✵✳✻✺ ✭✇❡t s❡❞❣❡s ✇✐t❤♦✉t s❤r✉❜s✱ ❙✸✱ ■♠♥❛✈❛✐t
❝r❡❡❦✱ ❆❧❛s❦❛✱ ❲✐❧❧✐❛♠s ❡t ❛❧✳ ✭✷✵✵✻✮✮ t♦ ✜t t♦ t❤❡ ✵✳✾✺ q✉❛♥t✐❧❡✳
❲❡ ✉s❡❞ ❧✐♥❡❛r r❡❣r❡ss✐♦♥s ✇✐t❤ ♦❜s❡r✈❡❞ ▲❆■ t♦ s♣❛t✐❛❧❧② ❡①tr❛♣♦❧❛t❡ t❤❡ ♦t❤❡r
✐♥♣✉t ✈❛r✐❛❜❧❡s ✭❊q✉❛t✐♦♥ ✹✳✸✱ ❚❛❜❧❡ ✹✳✻✮✳ ❉✉❡ t♦ t❤❡ ❧❛❝❦ ♦❢ ♦❜s❡r✈❛t✐♦♥s ❢♦r ❧♦✇
✽✻
✹✳❆ ❉❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞s
❚❛❜❧❡ ✹✳✻✿ P❛r❛♠❡t❡rs a ❛♥❞ b ❢♦r ❝♦♠♣✉t✐♥❣ ▲❆■ ❢r♦♠ ◆❉❱■ ✇✐t❤ ❛♥ ❡①♣♦♥❡♥t✐❛❧
❡q✉❛t✐♦♥ ✭❊q✉❛t✐♦♥ ✹✳✷✮ ❛♥❞ ♣❛r❛♠❡t❡rs p ❛♥❞ q ❢♦r ❢♦r ❝♦♠♣✉t✐♥❣ ♦t❤❡r ✈❛r✐❛❜❧❡s
❢r♦♠ ▲❆■ ✇✐t❤ ❛ ❧✐♥❡❛r ❡q✉❛t✐♦♥ ✭❊q✉❛t✐♦♥ ✹✳✸✮ ❢♦r ❡❛❝❤ ✈❡❣❡t❛t✐♦♥ t②♣❡❀ ❝❛♥♦♣② ❛♥❞
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t ✐♥ mm✳
❱❛r✐❛❜❧❡ ❭ ❚②♣❡ ●✹ ❙✶✲✶ ❙✷ ❲✷✲✶ ❲✷✲✷ ❲✷✲✹
▲❆■ a ✵✳✵✵✵✵✷✾✼✻ ✵✳✵✷✻✶✽✻✽✶ ✵✳✵✺✾✷✾✸✼✵ ✵✳✵✶✹✷✺✵✵✾ ✵✳✵✵✷✵✷✸✶✸ ✵✳✵✶✺✷✸✺✹✸
b ✶✷✳✻✸✵✽ ✹✳✽✾✷✼ ✹✳✹✵✺✶ ✻✳✶✾✸✶ ✽✳✽✺✵✶ ✹✳✼✽✵✹
❲♦♦❞ ❛r❡❛ ✐♥❞❡①
p ✵ ✵✳✺✸✻ ✵✳✺✸✻ ✵ ✵ ✵
q ✵ ✵✳✹✸✾ ✵✳✹✸✾ ✵ ✵ ✵
❙t❛♥❞✐♥❣ ❞❡❛❞
❧❡❛❢ ❛r❡❛ ✐♥❞❡①
p ✵ ✵ ✵ ✶✳✶✻ ✶✳✶✻ ✵
q ✵ ✵ ✵ ✵ ✵ ✵
❈❛♥♦♣② ❤❡✐❣❤t
p ✵ ✼✳✷✶ ✽✵ ✶✻✳✼ ✽✳✺✶ ✶✻✳✼
q ✶✷✳✷ ✶✽✳✽ ✹✵ ✷✺✳✺ ✶✾✳✼ ✷✺✳✺
❙t❛♥❞✐♥❣ ❞❡❛❞
❧❡❛❢ ❤❡✐❣❤t
p ✵ ✵ ✵ ✽✳✶✸ ✽✳✶✸ ✵
q ✵ ✵ ✵ ✶✶✳✸ ✶✶✳✸ ✵
s❤r✉❜ t✉♥❞r❛ ✇♦♦❞ ❛r❡❛ ✐♥❞❡①✱ ✇❡ ✉s❡❞ t❤❡ s❛♠❡ ♣❛r❛♠❡t❡rs t❤❛t ✇❡ ♦❜t❛✐♥❡❞ ❢r♦♠
t❤❡ ✜t ♦❢ ❞✇❛r❢ ❜✐r❝❤ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ✭❚❛❜❧❡ ✹✳✻✮✳ ❲❡ ❡st✐♠❛t❡❞ st❛♥❞✐♥❣
❞❡❛❞ ❧❡❛❢ ❛r❡❛ ❛♥❞ ❣r❡❡♥ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ❞❡str✉❝t✐✈❡❧② ❛t t❤r❡❡ ♣❧♦ts ♦❢ ✇❡t s❡❞❣❡s
✭❊✳ ❛♥❣✉st✐❢♦❧✐✉♠✱ ❲✷✲✶✮✳ ❉✉❡ t♦ t❤❡ ❧✐♠✐t❡❞ ♥✉♠❜❡r ♦❢ ♦❜s❡r✈❛t✐♦♥s✱ ✇❡ ❢♦r❝❡❞ t❤❡
r❡❣r❡ss✐♦♥ t❤r♦✉❣❤ ③❡r♦ ❛ss✉♠✐♥❣ t❤❛t st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❛r❡ ❛❧✇❛②s ❛ss♦❝✐❛t❡❞
✇✐t❤ ♣❧❛♥ts ✇❤✐❝❤ ❛❧s♦ ❤❛✈❡ ❣r❡❡♥ ❧❡❛✈❡s✳ ❲❡ ✉s❡❞ t❤❡ s❛♠❡ ♣❛r❛♠❡t❡rs ❛❧s♦ ❢♦r ❞r②
s❡❞❣❡s ✭❊✳ ❛♥❣✉st✐❢♦❧✐✉♠✱ ❲✷✲✷✮✳
❈❛♥♦♣② ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t ❲❡ ✉s❡❞ t✇♦ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s
t♦ ♠❡❛s✉r❡ ❝❛♥♦♣② ❤❡✐❣❤t✳ ❋♦r ❞✇❛r❢ ❜✐r❝❤ ✭❇✳ ♥❛♥❛✱ ❙✶✲✶✮ ❛♥❞ ✇❡t s❡❞❣❡s ✭❊✳
❛♥❣✉st✐❢♦❧✐✉♠✱ ❲✷✲✶✮ ✇❡ ♠❡❛s✉r❡❞ ❝❛♥♦♣② ❤❡✐❣❤t ❛t ✷✺ ♣♦✐♥ts ♦❢ ❛ 1m× 1m ♣♦✐♥t
q✉❛❞r❛t ❣r✐❞ ❛t t❤❡ s❛♠❡ t✐♠❡ ❛♥❞ ♣❧♦ts ❛s ♦✉r ▲❆■ ❡st✐♠❛t❡✳ ❆t t❤❡ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠
♣❧♦ts✱ ✇❡ ❛❧s♦ ♠❡❛s✉r❡❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t ❛❜♦✈❡ t❤❡ ✇❛t❡r ♦r ✇❡t ❧✐tt❡r
s✉r❢❛❝❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ✇❡ ♠❡❛s✉r❡❞ ❝❛♥♦♣② ❤❡✐❣❤t ♦❢ s✐♥❣❧❡ ✐♥❞✐✈✐❞✉❛❧s ♦♥ s✐①
t✉ss♦❝❦ s❡❞❣❡ ♣❧♦ts ✭❊✳ ✈❛❣✐♥❛t✉♠✱ ●✹✮ ❛♥❞ ✜✈❡ ❞r② s❡❞❣❡ ♣❧♦ts ✭❊✳ ❛♥❣✉st✐❢♦❧✐✉♠✱
❲✷✲✷✮✳
❲❡ ❡①tr❛♣♦❧❛t❡❞ ❝❛♥♦♣② ❤❡✐❣❤t s♣❛t✐❛❧❧② ❢♦r ❡❛❝❤ t②♣❡ ✉s✐♥❣ ❛ ❧✐♥❡❛r r❡❣r❡ss✐♦♥
❜❡t✇❡❡♥ ❝❛♥♦♣② ❤❡✐❣❤t ❛♥❞ ▲❆■ ♠❡❛s✉r❡❞ ❛t t❤❡ s❛♠❡ ♣❧♦ts ❛t t❤❡ s❛♠❡ t✐♠❡ ✭❊q✉❛✲
t✐♦♥ ✹✳✸✮✳ ❋♦r t✉ss♦❝❦ t✉♥❞r❛✱ t❤❡ ❧✐♥❡❛r ✜t s❤♦✇❡❞ ❛ ♥❡❣❛t✐✈❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
▲❆■ ❛♥❞ ❝❛♥♦♣② ❤❡✐❣❤t ❢♦r t❤❡ s✐① ♦❜s❡r✈❛t✐♦♥s✳ ■♥st❡❛❞ ♦❢ ❛ ♥❡❣❛t✐✈❡ s❧♦♣❡✱ ✇❡
✉s❡❞ ❛ ❝♦♥st❛♥t ❝❛♥♦♣② ❤❡✐❣❤t ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❧❡❛❢ ❛r❡❛✳ ❋♦r ❧♦✇ s❤r✉❜ t✉♥❞r❛
✇❡ ❛❞❥✉st❡❞ t❤❡ ♣❛r❛♠❡t❡rs p ❛♥❞ q ✐♥ ❛ ✇❛② t❤❛t t❤❡ ✜♥❛❧ ❝❛♥♦♣② ❤❡✐❣❤t ✈❛r✐❡❞
❜❡t✇❡❡♥ ✶ ❛♥❞ 2m ✭❚❛❜❧❡ ✹✳✸✮✱ ❛ r❛♥❣❡ t❤❛t ✇❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ✜❡❧❞✳ ❲❡ ✉s❡❞ t❤❡
♣❛r❛♠❡t❡rs ♦❢ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠ ❞♦♠✐♥❛t❡❞ ✇❡t s❡❞❣❡ t✉♥❞r❛ ✭❲✷✲✶✮ ❛❧s♦ ❢♦r ❈❛r❡①
✽✼
✹ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s
ss♣✳ ❞♦♠✐♥❛t❡❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡ t✉♥❞r❛ ✭❲✷✲✹✱ ❚❛❜❧❡ ✹✳✻✮✳ ❲❡ ♦♥❧② ♦❜s❡r✈❡❞ ❛
❧❛②❡r ♦❢ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❜❡❧♦✇ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠✱ ✐♥ t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❲✷✲✶
❛♥❞ ❲✷✲✷✳ ❙t❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t ✇❛s r❡❧❛t❡❞ t♦ ▲❆■ ✉s✐♥❣ t❤❡ s❛♠❡ ♣❛r❛♠❡t❡rs
❢♦r ❜♦t❤ t②♣❡s ❛❧t❤♦✉❣❤ ♦✉r ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❝♦✈❡r❡❞ ♦♥❧② t②♣❡ ❲✷✲✶✳
✹✳❆✳✷ ■♥♣✉t ♣❛r❛♠❡t❡rs ❢♦r r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣
▲❡❛❢ ❛♥❞ ✇♦♦❞ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ❲❡ ♠❡❛s✉r❡❞ t❤❡ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ✐♥
t❤r❡❡ ❞✐✛❡r❡♥t ✇❛②s ❞❡♣❡♥❞✐♥❣ ♦♥ s♣❡❝✐❡s ❛♥❞ ♦r❣❛♥✳ ❋♦r ❇✳ ♥❛♥❛ ❧❡❛✈❡s✱ ✇❡ ✉s❡❞ t❤❡
♠❡t❤♦❞ ❜② P✐s❡❦ ❡t ❛❧✳ ✭✷✵✶✶✮✳ ❚❤✐s ♠❡t❤♦❞ ❡♠♣❧♦②s ❝❛r❡❢✉❧❧② ❧❡✈❡❧❧❡❞ ♣❤♦t♦❣r❛♣❤②
♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ t❛❦❡♥ ❢r♦♠ ❛❧❧ ❝❛r❞✐♥❛❧ ❞✐r❡❝t✐♦♥s✳ ■♥ ❡❛❝❤ ✐♠❛❣❡✱ ✇❡ ✐❞❡♥t✐✜❡❞
❧❡❛✈❡s ✇❤✐❝❤ ✇❡r❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ✐♠❛❣❡ ♣❧❛♥❡✳ ❲❡ ♠❛r❦❡❞ t❤❡s❡ ❧❡❛✈❡s ✐♥ t❤❡
✐♠❛❣❡ ❛♥❞ ❝❛❧❝✉❧❛t❡❞ t❤❡ ❧❡❛❢ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ✭▲❡❛❢ ♥♦r♠❛❧ ✕ ♥❛❞✐r✱ ❋✐❣✉r❡ ✹✳❆✳✶❛✮✳
■♥ t♦t❛❧✱ ✇❡ ♠❡❛s✉r❡❞ ✶✷✾✹ ❇✳ ♥❛♥❛ ❧❡❛✈❡s✳ ❲❡ ✜tt❡❞ ❛ ❜❡t❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ ❞❛t❛
t♦ r❡❞✉❝❡ t❤❡ s❝❛tt❡r ✭❋✐❣✉r❡ ✹✳❆✳✷❛✮✳ ❇❡t❛ ❢✉♥❝t✐♦♥s ❛r❡ ❝♦♠♠♦♥❧② ✉s❡❞ ❢♦r ❧❡❛❢
✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥s ✭❡✳❣✳ ●♦❡❧ ❛♥❞ ❙tr❡❜❡❧ ✱ ✶✾✽✹❀ ❙tr❡❜❡❧ ❡t ❛❧✳✱ ✶✾✽✺❀ ❲❛♥❣
❡t ❛❧✳✱ ✷✵✵✼✮✳
✭❛✮ ✭❜✮
❋✐❣✉r❡ ✹✳❆✳✶✿ ❙❛♠♣❧❡ ♣✐❝t✉r❡s ✉s❡❞ ❢♦r ♠❡❛s✉r✐♥❣ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✭❛✮ ❇✳ ♥❛♥❛
❛♥❞ ✭❜✮ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠❀ r❡❞ ♥✉♠❜❡rs ✐♥❞✐❝❛t❡ t❤❡ ❧❡❛❢ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ♦❢ ❛ ❧❡❛❢ ♦r
❧❡❛❢ s❡❣♠❡♥t✳
❲❡ ❤❛❞ t♦ ♠♦❞✐❢② t❤❡ ♠❡t❤♦❞ ❜② P✐s❡❦ ❡t ❛❧✳ ✭✷✵✶✶✮ ❢♦r ❇✳ ♥❛♥❛ ✇♦♦❞ ❛♥❞
❊✳ ❛♥❣✉st✐❢♦❧✐✉♠ ❣r❡❡♥ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❛s ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ✐❞❡♥t✐❢②
❝②❧✐♥❞r✐❝❛❧ ♦r tr✐❛♥❣✉❧❛r ♦❜❥❡❝ts ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ✐♠❛❣❡ ♣❧❛♥❡✳ ■♥ t❤✐s ❝❛s❡✱ ✇❡
♠❛r❦❡❞ ❛❧❧ s❡❣♠❡♥ts ♦❢ ❣r❡❡♥ ❧❡❛✈❡s✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✱ ❛♥❞ ✇♦♦❞ t❤❛t ✇❡r❡ ✈✐s✲
✐❜❧❡ ♦♥ t❤❡ ✐♠❛❣❡s✱ ❡✈❡♥ t❤❡ s❡❣♠❡♥ts ♣♦✐♥t✐♥❣ t♦✇❛r❞s ♦r ❛✇❛② ❢r♦♠ t❤❡ ❝❛♠❡r❛✱
✐♥ t♦t❛❧ ♠♦r❡ t❤❛♥ ✽✵✵✵ ♣❡r ♦r❣❛♥ ✭❋✐❣✉r❡ ✹✳❆✳✶❜✮✳ ❋♦r ❧❡❛✈❡s t❤❛t ✇❡r❡ ✐♥❝❧✐♥❡❞
t♦✇❛r❞s ♦r ❛✇❛② ❢r♦♠ t❤❡ ❝❛♠❡r❛✱ t❤✐s r❛✇ ❞❛t❛ ♦✈❡r❡st✐♠❛t❡❞ t❤❡ ❧❡❛❢ ✐♥❝❧✐♥❛t✐♦♥
❛♥❣❧❡✳ ❲❡ ❝♦rr❡❝t❡❞ ❢♦r t❤✐s ❡✛❡❝t ✐♥ t❤r❡❡ st❡♣s✳ ❋✐rst✱ ✇❡ ✇❡✐❣❤t❡❞ t❤❡ ❤✐st♦❣r❛♠s
✽✽
✹✳❆ ❉❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞s
♦❢ ♠❡❛s✉r❡❞ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s ❜② t❤❡ ❧❡♥❣t❤ ♦❢ ❡❛❝❤ ✐❞❡♥t✐✜❡❞ s❡❣♠❡♥t✳ ❲❡ ❞✐❞
t❤❛t ❢♦r ❡❛❝❤ ❛③✐♠✉t❤ ✈✐❡✇ ❞✐r❡❝t✐♦♥ s❡♣❛r❛t❡❧② ❛♥❞ t❤❡♥ t♦♦❦ t❤❡ ♠❡❛♥ ♦❢ ❛❧❧ ♣r♦❜✲
❛❜✐❧✐t② ❞✐str✐❜✉t✐♦♥s ❛s ✇❡ ❞✐❞ ♥♦t ✐❞❡♥t✐❢② ❛♥ ❡q✉❛❧ ❛♠♦✉♥t ♦❢ s❡❣♠❡♥ts ✐♥ ❡❛❝❤
✈✐❡✇ ❞✐r❡❝t✐♦♥✳ ❙❡❝♦♥❞✱ ✇❡ ❝♦♥✈❡rt❡❞ t❤❡ ♦❜s❡r✈❡❞✱ ♣r♦❥❡❝t❡❞ ❧❡❛❢ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡
❞✐str✐❜✉t✐♦♥ t♦ t❤❡ r❡❛❧ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ❛ss✉♠✐♥❣ ❛ r❛♥❞♦♠ ❞✐str✐❜✉✲
t✐♦♥ ♦❢ ❧❡❛❢ ❛③✐♠✉t❤ ❛♥❣❧❡s✳ ❚❤✐s st❡♣ ✐♥✈♦❧✈❡❞ ❜✐♥♥✐♥❣ t❤❡ ❧❡❛❢ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s
❛♥❞ ❝♦♠♣✉t✐♥❣ ✇❡✐❣❤ts ❢♦r ❡❛❝❤ ❜✐♥ ✇❤✐❝❤ ❞❡s❝r✐❜❡✱ ❤♦✇ ♠✉❝❤ ♦❢ ✇❤✐❝❤ ♦r✐❣✐♥❛❧
❧❡❛❢ ❛♥❣❧❡ ❤❛s ❝♦♥tr✐❜✉t❡❞ t♦ t❤✐s ❜✐♥ ❣✐✈❡♥ r❛♥❞♦♠ ❛③✐♠✉t❤ ❛♥❣❧❡s✳ ❚❤❡ r❡❛❧ ❧❡❛❢
❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ✇❛s ❝♦♠♣✉t❡❞ ❜② s♦❧✈✐♥❣ ❛ ❧✐♥❡❛r s②st❡♠ ♦❢ ❡q✉❛t✐♦♥s ✇✐t❤ t❤❡
♣r♦❥❡❝t❡❞ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤❡ ✇❡✐❣❤ts ♦❢ ❛❧❧ ❜✐♥s✳ ❚❤✐r❞✱ ✇❡ ❝♦rr❡❝t❡❞ ❢♦r
t❤❡ ❢❛❝t t❤❛t ❧❡❛✈❡s ❛♣♣❡❛r❡❞ s❤♦rt❡r ♦♥ t❤❡ ✐♠❛❣❡s ✐❢ t❤❡② ✇❡r❡ ♥♦t ♣❡r♣❡♥❞✐❝✉❧❛r
t♦ t❤❡ ✐♠❛❣❡ ♣❧❛♥❡✳ ❋✐♥❛❧❧②✱ ✇❡ ✜tt❡❞ ❛ ❜❡t❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ ❞❛t❛ ✭❋✐❣✉r❡ ✹✳❆✳✷❜✕❞✮
✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ❢♦r ❇✳ ♥❛♥❛ ❧❡❛✈❡s✳
❋♦r ❊✳ ✈❛❣✐♥❛t✉♠ ❛♥❞ ❙❛❧✐① ♣✉❧❝❤r❛✱ ✇❡ ♠❛♥✉❛❧❧② ♠❡❛s✉r❡❞ t❤❡ ❧❡❛❢ ✐♥❝❧✐♥❛t✐♦♥
❛♥❣❧❡s ♦❢ ✷✶ ❛♥❞ ✸✾ ❧❡❛✈❡s✱ r❡s♣❡❝t✐✈❡❧②✳ ❆s t❤❡ ♥✉♠❜❡r ♦❢ ♠❡❛s✉r❡❞ ❧❡❛✈❡s ✇❛s s♠❛❧❧✱
✇❡ ❞✐❞ ♥♦t ✜t ❛ ❜❡t❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ ❞❛t❛ ❜✉t s❡❧❡❝t❡❞ t❤❡ ❜❡st ✜tt✐♥❣ st❛♥❞❛r❞
❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥s✱ ❵❡r❡❝t♦♣❤✐❧✬ ❢♦r ❊✳ ✈❛❣✐♥❛t✉♠ ❛♥❞ ❵✉♥✐❢♦r♠✬ ❢♦r ❙✳ ♣✉❧❝❤r❛
✭❋✐❣✉r❡ ✹✳❆✳✷❡✱ ❢✮ ✭❞❡ ❲✐t ✱ ✶✾✻✺✮✳
▲❡❛❢ ❛♥❞ ✇♦♦❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ❲❡ ♠❡❛s✉r❡❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♣❧❛♥t
♦r❣❛♥s ✐♥ t❤❡ ✜❡❧❞ ✉s✐♥❣ ❛♥ ❖❝❡❛♥ ❖♣t✐❝s ❙♣❡❝tr♦❈❧✐♣ ♣r♦❜❡ ✭❋✐❣✉r❡ ✹✳❆✳✸✮✳ ❚❤❡
♣r♦❜❡ ❢❡❛t✉r❡s t✇♦ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡s ♦❢ ❛❜♦✉t 3.5 cm ❞✐❛♠❡t❡r✱ ♦♥❡ ❢♦r t❤❡ r❡✲
✢❡❝t❛♥❝❡ ❛♥❞ t❤❡ s❡❝♦♥❞ ❢♦r t❤❡ tr❛♥s♠✐tt❛♥❝❡ ♦❢ t❤❡ s❛♠♣❧❡✳ ❚❤❡ s❛♠♣❧❡ ✐s ✜tt❡❞
❜❡t✇❡❡♥ t❤❡ t✇♦ s♣❤❡r❡s ✇✐t❤ ❛ ♠❡❛s✉r❡♠❡♥t ❛r❡❛ ♦❢ 5mm ❞✐❛♠❡t❡r✳ ■♥ ❛❞❞✐t✐♦♥
t♦ ♦✉r ♠❡❛s✉r❡♠❡♥ts ♦❢ s❛♠♣❧❡s✱ ✇❡ r❡❣✉❧❛r❧② t♦♦❦ r❡❢❡r❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❛
✾✾✪ ❛♥❞ ❛ ✺✵✪ r❡✢❡❝t❛♥❝❡ st❛♥❞❛r❞ ❛♥❞ ✇✐t❤♦✉t s❛♠♣❧❡✳ ❚❤❡ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡s
✇❡r❡ t♦♦ s♠❛❧❧ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ t❤❡ s❛♠♣❧❡ s✐③❡ t♦ ♣r♦✈✐❞❡ ❞❛t❛ ✇✐t❤♦✉t ❝♦rr❡❝✲
t✐♦♥ ❢♦r ♠✉❧t✐♣❧❡ ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ❧✐❣❤t ❛♥❞ s❛♠♣❧❡ ✭❏❛❝q✉❡③ ❛♥❞ ❑✉♣♣❡♥❤❡✐♠✱
✶✾✺✺✮✳ ❚❤✉s ✇❡ ❞✐❞ ❛ ✜rst✲♦r❞❡r ❝♦rr❡❝t✐♦♥ ♦❢ t❤❡ r❛✇ r❡✢❡❝t❛♥❝❡ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡
♠❡❛s✉r❡♠❡♥ts✳ ❲❡ ❡st✐♠❛t❡❞ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❧✐❣❤t t❤❛t ✐♥t❡r❛❝t❡❞ t✇✐❝❡ ✇✐t❤ t❤❡
s❛♠♣❧❡ ❜❡❢♦r❡ ❜❡✐♥❣ r❡❝♦r❞❡❞ ✉s✐♥❣ ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ r❡❛❞✐♥❣s ♦❢ t❤❡ ✾✾✪
st❛♥❞❛r❞ ❛♥❞ t❤❡ ✺✵✪ st❛♥❞❛r❞✳ ❆❧t❤♦✉❣❤ ✇❡ ❝♦✉❧❞ ♦♥❧② ❝❛❧✐❜r❛t❡ t❤✐s ❢r❛❝t✐♦♥
❢♦r ♥♦♥✲tr❛♥s♠✐tt✐♥❣ s❛♠♣❧❡s✱ ✇❡ ✉s❡❞ t❤❡ s❛♠❡ ✈❛❧✉❡ ❛❧s♦ ❢♦r t❤❡ ❝♦rr❡❝t✐♦♥ ♦❢ t❤❡
tr❛♥s♠✐tt❛♥❝❡ s✐❣♥❛❧✳ ❚❤❡ ❝♦rr❡❝t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡s tr❛♥s♠✐tt❛♥❝❡ ✐♥✈♦❧✈❡❞ ❛ss✉♠✲
✐♥❣ ❡q✉❛❧ r❡✢❡❝t❛♥❝❡ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❜♦t❤ ❧❡❛❢ s✐❞❡s✳ ❲❡ t❡st❡❞ t❤❡ ❝♦rr❡❝t✐♦♥
❢♦r ❧❡❛✈❡s ✇❤✐❝❤ ✇❡ ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ st❛♥❞❛r❞ ♣r♦❝❡❞✉r❡✱ ✐♥❝❧✉❞✐♥❣ tr❛♥s♠✐tt❛♥❝❡✱
❛♥❞ ♦♥ ❛ ❜❧❛❝❦ ❜❛❝❦❣r♦✉♥❞✳
❊✳ ✈❛❣✐♥❛t✉♠ ❧❡❛✈❡s ✇❡r❡ t♦♦ t❤✐♥ t♦ ❜❡ ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ❙♣❡❝tr♦❈❧✐♣ ♣r♦❜❡ ✐♥
t❤❡ st❛♥❞❛r❞ ♣r♦❝❡❞✉r❡✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ✜①❡❞ ♠✉❧t✐♣❧❡ ❧❡❛✈❡s ♥❡①t t♦ ❡❛❝❤ ♦t❤❡r ♦♥ ❛
s❛♠♣❧❡ ❤♦❧❞❡r✳ ❆s ❛❧❧ ❧❡❛✈❡s t♦❣❡t❤❡r ❝♦✈❡r❡❞ t❤❡ ♠❡❛s✉r❡♠❡♥t ❛r❡❛✱ ✇❡ ❝♦✉❧❞ ✉s❡ t❤❡
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❋✐❣✉r❡ ✹✳❆✳✷✿ Pr♦❜❛❜✐❧✐t② ❞❡♥s✐t② ✭❜✐♥ ✇✐❞t❤✿ 1 rad = 57.3➦✮ ♦❢ ♠❡❛s✉r❡❞ ❣r❡❡♥ ❧❡❛❢✱
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢✱ ❛♥❞ ✇♦♦❞ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥s ❛♥❞ ✜tt❡❞ ❢✉♥❝t✐♦♥s ♦❢
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✭❞✮ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✱ ✭❡✮ ❊r✐♦♣❤♦r✉♠ ✈❛❣✐♥❛t✉♠ ❧❡❛✈❡s✱ ❛♥❞ ✭❢✮
❙❛❧✐① ♣✉❧❝❤r❛ ❧❡❛✈❡s✳
✾✵
✹✳❆ ❉❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞s
500 1,000 1,500 2,000 2,500
0
0.2
0.4
0.6
0.8
1
✭❛✮
❲❛✈❡❧❡♥❣t❤ ✐♥ nm
❘
❡✢
❡❝
t❛
♥
❝❡
❀
✶
✲❚
r❛
♥
s♠
✐t
t❛
♥
❝❡
❇✳ ♥❛♥❛ ❧❡❛✈❡s
❇✳ ♥❛♥❛ ✇♦♦❞
❊✳ ❛♥❣✉st✐❢♦❧✐✉♠ ❧❡❛✈❡s
❊✳ ❛♥❣✉st✐❢♦❧✐✉♠ st❛♥❞✐♥❣ ❞❡❛❞
❊✳ ✈❛❣✐♥❛t✉♠ ❧❡❛✈❡s
❙✳ ♣✉❧❝❤r❛ ❧❡❛✈❡s
500 1,000 1,500 2,000 2,500
0
0.2
0.4
0.6
0.8
1
✭❜✮
❲❛✈❡❧❡♥❣t❤ ✐♥ nm
❘
❡✢
❡❝
t❛
♥
❝❡
❙✶✲✶ ❜❛❝❦❣r♦✉♥❞
❙✶✲✷
❲✷✲✸
❲❛t❡r
❋✐❣✉r❡ ✹✳❆✳✸✿ ✭❛✮ ❯♣♣❡r ❢❛❝❡ r❡✢❡❝t❛♥❝❡ ✭❜♦tt♦♠ ❤❛❧❢✮ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡ ✭t♦♣ ❤❛❧❢✮ ♦❢
t❤❡ ♠❛❥♦r s♣❡❝✐❡s ✭❜♦tt♦♠ ❢❛❝❡ r❡✢❡❝t❛♥❝❡ ♥♦t s❤♦✇♥ ❢♦r ❝❧❛r✐t②✮ ❛♥❞ ✭❜✮ ❜❛❝❦❣r♦✉♥❞
r❡✢❡❝t❛♥❝❡❀ t❤❡ ❣r❡② ❧✐♥❡s ✐♥❞✐❝❛t❡ t❤❡ ▼❖❉■❙ ❜❛♥❞s ✶✕✼ ✉s❡❞ ❢♦r ♠♦❞❡❧❧✐♥❣✳
r❡✢❡❝t❛♥❝❡ ♠❡❛s✉r❡♠❡♥t ✇✐t❤♦✉t ❢✉rt❤❡r ❝♦rr❡❝t✐♦♥✳ ❍♦✇❡✈❡r✱ ❢♦r t❤❡ tr❛♥s♠✐tt❛♥❝❡
♠❡❛s✉r❡♠❡♥t✱ ✇❡ ❤❛❞ t♦ ❛❞❥✉st ❢♦r t❤❡ r❡❞✉❝❡❞ tr❛♥s♠✐tt❛♥❝❡ ❞✉❡ t♦ t❤❡ ❤♦❧❞❡r✳ ❲❡
❡st✐♠❛t❡❞ t❤❡ ❊✳ ✈❛❣✐♥❛t✉♠ ❧❡❛❢ tr❛♥s♠✐tt❛♥❝❡ ✭T ✮ ❢r♦♠ t❤❡ ❝♦rr❡❝t❡❞ tr❛♥s♠✐tt❛♥❝❡
♠❡❛s✉r❡♠❡♥t ✭Tmeasured✮ ❛♥❞ t❤❡ tr❛♥s♠✐tt❛♥❝❡ ♦❢ t❤❡ ❡♠♣t② ❤♦❧❞❡r ✭Tempty holder✮✿
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✺ ●❡♥❡r❛❧ ❞✐s❝✉ss✐♦♥
■♥ t❤✐s t❤❡s✐s✱ ■ ✉s❡❞ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r
♠♦❞❡❧❧✐♥❣ t♦ q✉❛♥t✐❢② t❤❡ ❡✛❡❝t ♦❢ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛♥❞
t♦ ❧✐♥❦ ✐t t♦ ♣❡r♠❛❢r♦st t❤❛✇✳
❋✐❡❧❞ ❞❛t❛ ✐♥❞✐❝❛t❡❞ t❤❛t t❤❡ ❝❛♥♦♣② ❛❧❜❡❞♦ ♦❢ ❞✇❛r❢ s❤r✉❜s ✭❇❡t✉❧❛ ♥❛♥❛✮ ✇❛s
❧♦✇❡r t❤❛♥ t❤❡ ❛❧❜❡❞♦ ♦❢ ✇❡t s❡❞❣❡s ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮✳ ❍♦✇❡✈❡r✱ t❤❡
❛❜s♦❧✉t❡ ❛❧❜❡❞♦ ❞✐✛❡r❡♥❝❡ ✇❛s s♠❛❧❧ ❛♥❞ t❤❡ ♥❡t r❛❞✐❛t✐♦♥ ❛❜♦✈❡ ❝❛♥♦♣② ✇❛s ❛❧♠♦st
❡q✉❛❧ ❢♦r ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭❘❡s❡❛r❝❤ q✉❡st✐♦♥ ✶✱ ❈❤❛♣t❡r ✷✮✳ ❲❡t s❡❞❣❡s s❤❛❞❡❞
t❤❡ s♦✐❧ ♠♦r❡ ❡✣❝✐❡♥t❧② t❤❛♥ ❞✇❛r❢ s❤r✉❜s✱ ♠❛✐♥❧② ❜❡❝❛✉s❡ ♦❢ t❤❡ st❛♥❞✐♥❣ ❞❡❛❞
❧❡❛✈❡s✳ ❚❤✉s✱ ♠♦r❡ ❡♥❡r❣② ❢♦r ✇❛r♠✐♥❣ ❛♥❞ t❤❛✇✐♥❣ t❤❡ s♦✐❧ ✇❛s ❛✈❛✐❧❛❜❧❡ ❜❡❧♦✇
❞✇❛r❢ s❤r✉❜s✳ ■♥ ❝♦♥tr❛st✱ ✇❡ ♦❜s❡r✈❡❞ ❛ ❞❡❡♣❡r ❛❝t✐✈❡ ❧❛②❡r ❛♥❞ ❤✐❣❤❡r s♦✐❧ ❤❡❛t
✢✉① ❜❡❧♦✇ ✇❡t s❡❞❣❡s ❛s ❝♦♠♣❛r❡❞ t♦ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ✭❘❡s❡❛r❝❤ q✉❡st✐♦♥ ✷✱
❈❤❛♣t❡r ✷✮✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ s♦✐❧ ❤❡❛t ✢✉① ✇❛s ♠❛✐♥❧② ❛ttr✐❜✉t❡❞ t♦ s♦✐❧ ♣r♦♣❡rt✐❡s✱
✐♥ ♣❛rt✐❝✉❧❛r t❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✇❤✐❝❤ ✇❛s ❛❜♦✉t ✜✈❡ t✐♠❡s ❤✐❣❤❡r ✐♥ t❤❡
✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡ s♦✐❧ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣❡❛t ❧❛②❡r ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✳
❲❤✐❧❡ ✜❡❧❞ ♦❜s❡r✈❛t✐♦♥s ❛r❡ ♠♦st❧② r❡str✐❝t❡❞ t♦ ❝✉rr❡♥t ❝❛♥♦♣② ♣r♦♣❡rt✐❡s✱ r❛✲
❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ ❝❛♥ ❡①t❡♥❞ t❤❡ ❛♥❛❧②s✐s t♦ ♣♦ss✐❜❧❡ ❢✉t✉r❡ st❛t❡s ♦❢ t❤❡
✈❡❣❡t❛t✐♦♥✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ♠♦❞❡❧❧✐♥❣ ❝❛♥ ❤❡❧♣ t♦ ✉♥❞❡rst❛♥❞ ✇❤✐❝❤ ♦❢ t❤❡ ❝❛♥♦♣②
❝♦♠♣♦♥❡♥ts ✐♥✢✉❡♥❝❡ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♠♦st✳ ❲❡ ❢♦✉♥❞ t❤❛t ❢♦r ❞✇❛r❢ s❤r✉❜s
t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ✇♦♦❞ ❛s ❝♦♠♣❛r❡❞ t♦ ❧❡❛✈❡s ✇❛s ❛♥ ✐♠♣♦rt❛♥t ❞r✐✈❡r ♦❢ ❝❛♥♦♣②
❛❧❜❡❞♦ ❛♥❞ t❤❡ ❛♠♦✉♥t ♦❢ r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡ ❝❛♥♦♣② ✭❘❡s❡❛r❝❤ q✉❡st✐♦♥ ✸✱
❈❤❛♣t❡r ✸✮✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❝❛♥♦♣② ❛❧❜❡❞♦ ✇❛s q✉✐t❡ ✐♥s❡♥s✐t✐✈❡ t♦ t♦t❛❧ ♣❧❛♥t
❛r❡❛ ❛t ❛ ❝♦♥st❛♥t ❧❡❛❢ t♦ ✇♦♦❞ r❛t✐♦✳ ❈❤❛♣t❡r ✸ ❛❧s♦ s❡r✈❡❞ ❛s ❛ ♣r♦♦❢ ♦❢ ❝♦♥❝❡♣t ❢♦r
♠♦❞❡❧❧✐♥❣ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ❛s t✉r❜✐❞ ♠❡❞✐❛ ✉s✐♥❣ t❤❡ ❉❆❘❚ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r
♠♦❞❡❧✳
❆❧t❤♦✉❣❤ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s ✇❡r❡ t✇♦ ✐♠♣♦rt❛♥t ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡
t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥✱ t❤❡② ♦♥❧② ❝♦✈❡r❡❞ ❛❜♦✉t ✷✺✪ ♦❢ t❤❡ ❧❛♥❞s❝❛♣❡ ❛t t❤❡ ❑②t❛❧②❦
r❡s❡❛r❝❤ s✐t❡ ❛♥❞ ♦t❤❡r t②♣❡s ✐♥✢✉❡♥❝❡❞ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t s✐❣♥✐✜❝❛♥t❧② ❛t t❤❡
❧❛♥❞s❝❛♣❡ s❝❛❧❡ ✭❘❡s❡❛r❝❤ q✉❡st✐♦♥ ✹✱ ❈❤❛♣t❡r ✹✮✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ♦♣❡♥
✇❛t❡r ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❈❛r❡① s♣♣✳✮ ✇❛s ❛♥ ✐♠♣♦rt❛♥t ❞r✐✈❡r ♦❢ ❧❛♥❞s❝❛♣❡
❛❧❜❡❞♦✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① str♦♥❣❧② ❛✛❡❝t❡❞ ❝❛♥♦♣② ❛❜s♦r♣t❛♥❝❡
❛♥❞ tr❛♥s♠✐tt❛♥❝❡✳ ❲❤✐❧❡ ♣❛t❝❤ s✐③❡ ❛♥❞ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ❞✐❞ ♥♦t s✐❣♥✐✜❝❛♥t❧②
✐♥✢✉❡♥❝❡ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✱ t❤❡② ❝♦♥tr✐❜✉t❡❞ t♦ ❧♦❝❛❧
✈❛r✐❛❜✐❧✐t② ❛♥❞ t❤✉s ♠❛② ❛✛❡❝t ♦t❤❡r ❡♥❡r❣② ✢✉①❡s s✉❝❤ ❛s ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✳
■♥ ❙❡❝t✐♦♥s ✺✳✶ t♦ ✺✳✹✱ ■ ❞✐s❝✉ss ✐♥ ♠♦r❡ ❞❡t❛✐❧ t❤❡ ❦❡② r❡s✉❧ts ♦❢ ❛❧❧ t❤r❡❡ ❝❤❛♣t❡rs
✾✸
✺ ●❡♥❡r❛❧ ❞✐s❝✉ss✐♦♥
✐♥❝❧✉❞✐♥❣ s♦♠❡ r❡s✉❧ts t❤❛t ❤❛✈❡ ♥♦t ❜❡❡♥ ♣r❡s❡♥t❡❞ ②❡t✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ❛❧❧ ❝❤❛♣t❡rs
s❤♦✇ ❤♦✇ ✈❡❣❡t❛t✐♦♥ ❝♦♥tr♦❧s t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✭❙❡❝t✐♦♥ ✺✳✶✮✱ ❛♥ ❡✛❡❝t t❤❛t
♠❛② ❜❡ ❛❧t❡r❡❞ ❜② ✈❡❣❡t❛t✐♦♥ ❞✐✈❡rs✐t② ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡ ✭❙❡❝t✐♦♥ ✺✳✷✮✳ ❆❧❧
❝❤❛♣t❡rs str❡ss t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡①♣❛♥❞✐♥❣ t❤❡ ❢♦❝✉s ❢r♦♠ ❣r❡❡♥ ❧❡❛✈❡s t♦ ✇♦♦❞
❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ♣❧❛♥t ♠❛t❡r✐❛❧ ✭❙❡❝t✐♦♥ ✺✳✸✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ■ s❤♦✇ ✐♥ ♠♦r❡ ❞❡t❛✐❧
❤♦✇ ♠✉❝❤ r❛❞✐❛t✐♦♥ ✐s ❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ❜❡❧♦✇ ❛❧❧ ♠❛❥♦r ✈❡❣❡t❛t✐♦♥ t②♣❡s
✭❙❡❝t✐♦♥ ✺✳✹✮✳
✺✳✶ ❚❤❡ r♦❧❡ ♦❢ ✈❡❣❡t❛t✐♦♥ ✐♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
■♥ t❤✐s t❤❡s✐s✱ ■ q✉❛♥t✐✜❡❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ✈❡❣❡t❛t✐♦♥ ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✳ ❚✇♦
♠❛❥♦r ❢❛❝t♦rs ❝❛♥ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞✳ ❚❤❡ ✜rst ❢❛❝t♦r ✐s ✈❡❣❡t❛t✐♦♥ ❝♦♠♣♦s✐t✐♦♥✱ ❡✐t❤❡r
❛t t❤❡ s♣❡❝✐❡s ❧❡✈❡❧ ♦r ❜❛s❡❞ ♦♥ ❢✉♥❝t✐♦♥❛❧ t②♣❡s✳ ❚❤❡ s❡❝♦♥❞ ❢❛❝t♦r ❛r❡ ❝❛♥♦♣②
❝❤❛r❛❝t❡r✐st✐❝s s✉❝❤ ❛s ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ❛♥❞ ❝❛♥♦♣② ❤❡✐❣❤t✳ ❲❤✐❧❡ ■ ❝♦♥❝❡♥tr❛t❡❞
♦♥ t❤❡ ❞✐✛❡r❡♥❝❡ ❛♠♦♥❣ s♣❡❝✐❡s ✐♥ ❈❤❛♣t❡r ✷ ❛♥❞ ♦♥ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ♦❢ ❛ s✐♥❣❧❡
s♣❡❝✐❡s ✐♥ ❈❤❛♣t❡r ✸✱ ❈❤❛♣t❡r ✹ ✐♥❝❧✉❞❡s ❜♦t❤✱ ❞✐✛❡r❡♥t ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞ s♣❛t✐❛❧
✈❛r✐❛❜✐❧✐t② ♦❢ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s✳
❊✛❡❝ts ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡
❆❧❜❡❞♦ ❞✐✛❡r❡♥❝❡s ❛♠♦♥❣ ❆r❝t✐❝ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ ❛t
♠❛♥② t✉♥❞r❛ ❧♦❝❛t✐♦♥s ✭❊✉❣st❡r ❡t ❛❧✳✱ ✷✵✵✵❀ ❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺❀ ●❛♠♦♥ ❡t ❛❧✳✱
✷✵✶✷✮✳ ■♥ ❛ ❞❡t❛✐❧❡❞ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❆r❝t✐❝ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s ■ ❢♦✉♥❞
t❤❛t ✇❡t s❡❞❣❡s ❤❛❞ ❛ ✵✳✵✷ ❤✐❣❤❡r ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦ ✭❋✐❣✉r❡ ✷✳✹✮✳ ❆❞❞✐t✐♦♥❛❧❧②✱
■ ♦❜s❡r✈❡❞ t❤❡ ❧❛r❣❡st ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ s❤r✉❜s ❛♥❞ s❡❞❣❡s ✐♥ t❤❡ s♥♦✇♠❡❧t ♣❡r✐♦❞
✇❤❡♥ t❤❡ ❛❧❜❡❞♦ ❞❡❝r❡❛s❡❞ t❡♥ ❞❛②s ❡❛r❧✐❡r ❛t t❤❡ ❞✇❛r❢ s❤r✉❜ ✈❡❣❡t❛t✐♦♥ ❜❡❝❛✉s❡
t❤❡ s♥♦✇ ♠❡❧t❡❞ ❡❛r❧✐❡r✳ ❉✐✛❡r❡♥❝❡s ✐♥ s♥♦✇♠❡❧t t✐♠✐♥❣ ❛r❡ ❝♦♠♠♦♥ ❜❡t✇❡❡♥ s❤r✉❜
❛♥❞ ❣r❛♠✐♥♦✐❞ t✉♥❞r❛ ✭❙t✉r♠ ❡t ❛❧✳✱ ✷✵✵✺❀ P♦♠❡r♦② ❡t ❛❧✳✱ ✷✵✵✻✮ ❛♥❞ ❛❝t ❛s ❛ ♠❛❥♦r
♣♦s✐t✐✈❡ ❢❡❡❞❜❛❝❦ ❜❡t✇❡❡♥ s❤r✉❜ ❝♦✈❡r ❛♥❞ ❛✐r t❡♠♣❡r❛t✉r❡ ✭❈❤❛♣✐♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳
■ ❢♦✉♥❞ ❧❛r❣❡r ❞✐✛❡r❡♥❝❡s ✐♥ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❧❜❡❞♦ ❜❡t✇❡❡♥ ❞r② ❛♥❞ ✇❛t❡r❧♦❣❣❡❞
✇❡t❧❛♥❞ ✈❡❣❡t❛t✐♦♥ t❤❛♥ ❜❡t✇❡❡♥ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s ✭❋✐❣✉r❡s ✹✳✼❛✱ ✺✳✶✮✳
❚❤✉s✱ t❤❡ ❢r❛❝t✐♦♥s ♦❢ ♦♣❡♥ ✇❛t❡r ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮ ❛r❡ t❤❡ ♠♦st
✐♠♣♦rt❛♥t ❞r✐✈❡rs ♦❢ ❛❧❜❡❞♦ ✐♥ ♣❛tt❡r♥❡❞ t✉♥❞r❛ ❛♥❞ ♥❡❡❞ t♦ ❜❡ ❡st✐♠❛t❡❞ ❝❛r❡❢✉❧❧②✳
❆s ♠♦st ✈❡❣❡t❛t✐♦♥ t②♣❡s ❤❛✈❡ ❛ r❡❧❛t✐✈❡❧② ❧♦✇ ❧❡❛❢ ❛r❡❛✱ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❜❡❧♦✇
t❤❡ ❝❛♥♦♣② ❛❧s♦ ✐♥✢✉❡♥❝❡s t❤❡ ❛❧❜❡❞♦✳ ❋♦r ❡①❛♠♣❧❡✱ ✇❛t❡r❧♦❣❣❡❞ ❧✐tt❡r ❛♥❞ s❤❛❧❧♦✇
✇❛t❡r ❤❛✈❡ ❛ ♠✉❝❤ ❧♦✇❡r ❛❧❜❡❞♦ t❤❛♥ ❞r② ♠♦ss❡s ♦r ❧✐❝❤❡♥ ✭❋✐❣✉r❡ ✹✳❆✳✸❜✮✳ ❚❤❡
❜❛❝❦❣r♦✉♥❞ ❛❧❜❡❞♦ ❝❤❛♥❣❡s ❞❡♣❡♥❞✐♥❣ ♦♥ s♦✐❧ ♠♦✐st✉r❡ ♦r ✇❛t❡r ❧❡✈❡❧✳ ❚❤❡r❡❢♦r❡✱ ■
♦❜s❡r✈❡❞ ❛ ❤✐❣❤❡r ❛❧❜❡❞♦ ♦❢ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ❡s♣❡❝✐❛❧❧② ♦❢ ✇❡t s❡❞❣❡s ✐♥ t❤❡ ❞r✐❡r
❣r♦✇✐♥❣ s❡❛s♦♥ ♦❢ ✷✵✶✸ ❛s ❝♦♠♣❛r❡❞ t♦ ✷✵✶✹ ✭❋✐❣✉r❡ ✷✳✹✮✳
❲❤✐❧❡ s❡✈❡r❛❧ st✉❞✐❡s ♠❡❛s✉r❡❞ ♦r ♠♦❞❡❧❧❡❞ t❤❡ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❆r❝t✐❝
s❤r✉❜s ✭❈❤♦♥❣ ❡t ❛❧✳✱ ✷✵✶✷❀❲✐❧❧✐❛♠s ❡t ❛❧✳✱ ✷✵✶✹✮✱ ■ ♣r❡s❡♥t❡❞ ❞❛t❛ ❛♥❞ ♠♦❞❡❧ r❡s✉❧ts
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❋✐❣✉r❡ ✺✳✶✿ ▼❡❛♥ ♠❡❛s✉r❡❞ ❝❛♥♦♣② ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ♦❢ ❛❧❧ ♠❛❥♦r ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞
✇❛t❡r❀ t❤❡ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛r❡ t✉ss♦❝❦ s❡❞❣❡s ✭●✹✮✱ ❞✇❛r❢ s❤r✉❜s ✭❙✶✲✶✮✱
❧✐❝❤❡♥✲r✐❝❤ ❞✇❛r❢ s❤r✉❜s ✭❙✶✲✷✮✱ ✇❡t s❡❞❣❡s ✭❲✷✲✶✮✱ ❞r② s❡❞❣❡s ✭❲✷✲✷✮✱ ♣❡❛t ♠♦ss❡s
✭❲✷✲✸✮✱ ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮ ✭s❡❡ ❋✐❣✉r❡ ✶✳✸✮✳
✐♥❝❧✉❞✐♥❣ s❡✈❡r❛❧ t②♣❡s ♦❢ ❣r❛♠✐♥♦✐❞ t✉♥❞r❛✳ ■ ❢♦✉♥❞ t❤❛t ✇❡t s❡❞❣❡ t✉♥❞r❛ s❤❛❞❡❞
t❤❡ s♦✐❧ ♠♦r❡ ❡✣❝✐❡♥t❧② t❤❛♥ ❞✇❛r❢ s❤r✉❜s✱ ❡s♣❡❝✐❛❧❧② ❞✉❡ t♦ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s
✭❋✐❣✉r❡ ✷✳✼✮✳ ❍♦✇❡✈❡r✱ t❤❡ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ❛♥❞ t❤✉s t❤❡ ❝❛♥♦♣② str✉❝t✉r❡ ✇❛s
♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r ❧❛♥❞s❝❛♣❡ s❝❛❧❡ tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ ❝❛♥♦♣② ❛❜s♦r♣t❛♥❝❡ t❤❛♥ t❤❡
✈❡❣❡t❛t✐♦♥ t②♣❡ ✭❋✐❣✉r❡ ✹✳✺✮✳
❊✛❡❝t ♦❢ ❝❛♥♦♣② str✉❝t✉r❡
▲❛r❣❡✲s❝❛❧❡ ❝♦♠♣❛r✐s♦♥s ♠♦st ♦❢t❡♥ ❛ttr✐❜✉t❡ ❛❧❜❡❞♦ ❞✐✛❡r❡♥❝❡s t♦ ❧❡❛❢ ❛r❡❛ ✐♥❞❡①
✭▲❆■✱ ❚❤♦♠♣s♦♥ ❡t ❛❧✳✱ ✷✵✵✹❀ ❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✺✮ ♦r ❝❛♥♦♣② ❤❡✐❣❤t ✭❖❦❡✱ ✶✾✽✼✮✳
■ ❞✐❞ ♥♦t ✜♥❞ ❛ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❝❛♥♦♣② r❡✢❡❝t❛♥❝❡ ❛♥❞ ▲❆■ ♦❢ ❞✇❛r❢ s❤r✉❜s
❛♥❞ ✇❡t s❡❞❣❡s ✐♥ t❤❡ ✜❡❧❞ ✭❋✐❣✉r❡ ✺✳✷❛✮✳ ❚❤❡ ✇❡t s❡❞❣❡s ❡✈❡♥ ❤❛❞ ❛ t❛❧❧❡r ❝❛♥♦♣②
❛♥❞ ❤✐❣❤❡r ❛❧❜❡❞♦ t❤❛♥ t❤❡ ❞✇❛r❢ s❤r✉❜s ✭❋✐❣✉r❡ ✺✳✷❜✮✳ ❊①❝❡♣t ❢♦r ✈❡r② ❧♦✇ s❤r✉❜
❞❡♥s✐t✐❡s✱ s✐♠✉❧❛t✐♦♥s s❤♦✇❡❞ t❤❛t ❞✇❛r❢ s❤r✉❜ ❛❧❜❡❞♦ ✇❛s r❡❧❛t✐✈❡❧② ✐♥s❡♥s✐t✐✈❡ t♦
♣❧❛♥t ❛r❡❛ ✐♥❞❡① ✭❋✐❣✉r❡ ✸✳✼❛✮✳ ❍♦✇❡✈❡r✱ ■ ❢♦✉♥❞ t❤❛t ❢♦r s❤r✉❜s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥
✇♦♦❞ ❛♥❞ ❧❡❛❢ ❛r❡❛ ✇❛s ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r t❤❡ ❛❧❜❡❞♦ t❤❛♥ t❤❡ t♦t❛❧ ❧❡❛❢ ❛r❡❛ ✭❋✐❣✲
✉r❡ ✸✳✼❜✮✳ ❲❡t s❡❞❣❡ ❛❧❜❡❞♦✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ str♦♥❣❧② ❞❡♣❡♥❞❡❞ ♦♥ t❤❡ ❛♠♦✉♥t ♦❢
♦♣❡♥ ✇❛t❡r ❛♥❞ ❜r✐❣❤t ❧✐tt❡r ✭s❡❡ t❤❡ ❞✐✛❡r❡♥❝❡ ❛♠♦♥❣ ✇❡t ✭❲✷✲✶✮✱ ❞r② ✭❲✷✲✷✮ ❛♥❞
✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮ ✐♥ ❋✐❣✉r❡s ✹✳✼❛✱ ✺✳✶✮✳ ❚❤✉s✱ ❢♦r ❧♦✇ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥
♦t❤❡r ❞r✐✈❡rs ✐♥✢✉❡♥❝❡ ❝❛♥♦♣② r❡✢❡❝t❛♥❝❡ ♠♦r❡ t❤❛♥ ❝❛♥♦♣② ▲❆■ ♦r ❤❡✐❣❤t✱ ♥❛♠❡❧②
♥♦♥✲❣r❡❡♥ ♣❧❛♥t ♠❛t❡r✐❛❧ ❛♥❞ ❜❛❝❦❣r♦✉♥❞ ❛❧❜❡❞♦ ✭❙❡❝t✐♦♥ ✺✳✸✮✳
❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ■ ❢♦✉♥❞ t❤❛t tr❛♥s♠✐tt❛♥❝❡ ✇❛s str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② ❧❡❛❢
❛♥❞ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ✭❋✐❣✉r❡s ✹✳✺❣✱ ✺✳✷❝✮✳ ❚❤✐s ✇❛s ❛❧s♦ ♦❜s❡r✈❡❞ ❢♦r t❤❡ ❛♠♦✉♥t
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❋✐❣✉r❡ ✺✳✷✿ ✭❛✱❜✮ ❈❛♥♦♣② ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ✭400✕950 nm✮ ❛♥❞ ✭❝✱❞✮ tr❛♥s♠✐tt❛♥❝❡ ✭400✕
700 nm✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ❛♥❞ ❝❛♥♦♣② ❤❡✐❣❤t ♦❢ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t
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♦❢ r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡ ❝❛♥♦♣② ✭❋✐❣✉r❡s ✸✳✼❛✱ ✹✳✺❦✮✱ ✇❤✐❝❤ ❛❣r❡❡s ✇❡❧❧ ✇✐t❤
♣r❡✈✐♦✉s st✉❞✐❡s ✭❆sr❛r ❡t ❛❧✳✱ ✶✾✾✷❀ ▼②♥❡♥✐ ❡t ❛❧✳✱ ✶✾✾✼❀ ❍✉❡♠♠r✐❝❤ ❡t ❛❧✳✱ ✷✵✶✵✮✳
■♥ s✉♠♠❛r②✱ ■ ❢♦✉♥❞ t❤❛t ❛❧❜❡❞♦ ✐s ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ✈❡❣❡t❛t✐♦♥ t②♣❡✱ ✇❤✐❝❤
✐♥❝❧✉❞❡s t❤❡ t②♣❡✲s♣❡❝✐✜❝ ❜❛❝❦❣r♦✉♥❞✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡
❛♥❞ ❛❜s♦r♣t❛♥❝❡ ❞❡♣❡♥❞ str♦♥❣❧② ♦♥ t❤❡ ❝❛♥♦♣② str✉❝t✉r❡✱ ♠❛✐♥❧② t❤❡ ♣❧❛♥t ❛r❡❛
✐♥❞❡①✳
✺✳✷ ❱❡❣❡t❛t✐♦♥ ❞✐✈❡rs✐t② ❛♥❞ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
■❢ ❞✐✛❡r❡♥t ✈❡❣❡t❛t✐♦♥ t②♣❡s ❞❡♣❧♦② ❞✐✛❡r❡♥t ❧✐❣❤t ✉s❡ str❛t❡❣✐❡s✱ ✐t ❝❛♥ ❜❡ ❡①♣❡❝t❡❞
t❤❛t ✈❡❣❡t❛t✐♦♥ ✐♥ ♠♦r❡ ❞✐✈❡rs❡ ❧❛♥❞s❝❛♣❡s ❛❜s♦r❜s ♠♦r❡ ❛♥❞ t❤✉s r❡✢❡❝ts ❧❡ss ❧✐❣❤t
t❤❛♥ ✐♥ ✉♥✐❢♦r♠ ❧❛♥❞s❝❛♣❡s✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ❤❛s ❜❡❡♥ s❤♦✇♥ ✐♥ ❢♦r❡sts ✭❍❛r❞✐♠❛♥
❡t ❛❧✳✱ ✷✵✶✶❀ ❏✉❝❦❡r ❡t ❛❧✳✱ ✷✵✶✹✮ ❛♥❞ ❣r❛ss❧❛♥❞s ✭❙♣❡❤♥ ❡t ❛❧✳✱ ✷✵✵✵❀ ❱♦❥t❡❝❤ ❡t ❛❧✳✱
✷✵✵✽✮ ✇✐t❤ ✈❛r②✐♥❣ s♣❡❝✐❡s ❞✐✈❡rs✐t②✳ ❚♦ t❡st t❤❡ ❡✛❡❝t ♦❢ ❧❛♥❞s❝❛♣❡ ❞✐✈❡rs✐t② ♦♥ t❤❡
r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ■ ❝❛❧❝✉❧❛t❡❞ t❤❡ ❙❤❛♥♥♦♥ ❞✐✈❡rs✐t② ✭❙❤❛♥♥♦♥✱ ✶✾✹✽❀ ❍✐❧❧ ✱ ✶✾✼✸✮
♦❢ t❤❡ tr❛♥s❡❝ts ✇❤✐❝❤ ✇❡r❡ ✉s❡❞ ❢♦r t❤❡ ❧❛♥❞s❝❛♣❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❝❛❧❝✉❧❛t✐♦♥s ✐♥
✾✻
✺✳✸ ❲♦♦❞ ❛♥❞ ❧✐tt❡r ❛r❡ ✐♠♣♦rt❛♥t ❝❛♥♦♣② ❝♦♠♣♦♥❡♥ts
❈❤❛♣t❡r ✹✳ ❚❤❡ ❙❤❛♥♥♦♥ ❞✐✈❡rs✐t② H ❞❡s❝r✐❜❡s t❤❡ ❡♥tr♦♣② ♦❢ ❢r❛❝t✐♦♥❛❧ ❝♦✈❡rs p ❢♦r
n ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭❊q✉❛t✐♦♥ ✺✳✶✮✳
H = −
n∑
i=1
(pi · ln(pi)) ✭✺✳✶✮
❚❤❡ ♠❡❛♥ tr❛♥s❡❝t ❛❧❜❡❞♦ ❛♥❞ ❝❛♥♦♣② ❧✐❣❤t ❛❜s♦r♣t✐♦♥ ✭❋❆P❆❘✮ ✇❡r❡ ♥♦t r❡❧❛t❡❞
✇✐t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡ ❞✐✈❡rs✐t②✳ ■ ❢♦✉♥❞ P❡❛rs♦♥✬s ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥ts ♦❢ R =
−0.06 ❜❡t✇❡❡♥ ❞✐✈❡rs✐t② ❛♥❞ ❛❧❜❡❞♦ ❛♥❞ R = −0.03 ❜❡t✇❡❡♥ ❞✐✈❡rs✐t② ❛♥❞ ❋❆P❆❘
✭❋✐❣✉r❡ ✺✳✸✮✳ ■ ❛❧s♦ ❛ss❡ss❡❞ ♣♦ss✐❜❧❡ r❡❧❛t✐♦♥s❤✐♣s st❛t✐st✐❝❛❧❧② ❜② ✐♥❝❧✉❞✐♥❣ ❞✐✈❡rs✐t②
✐♥ t❤❡ ♠♦❞❡❧ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳✼ ❛♥❞ ❢♦✉♥❞ t❤❛t t❤❡ ❡✛❡❝t ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡
❞✐✈❡rs✐t② ♦♥ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❋❆P❆❘ ✇❛s ✐♥s✐❣♥✐✜❝❛♥t✳
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P
❆
❘
❋✐❣✉r❡ ✺✳✸✿ ▼♦❞❡❧❧❡❞ tr❛♥s❡❝t ❛✈❡r❛❣❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ✭❛✮ ❛❧❜❡❞♦ ❛♥❞ ✭❜✮ ❝❛♥♦♣② ❛❜✲
s♦r❜❡❞ ♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡ r❛❞✐❛t✐♦♥ ✭❋❆P❆❘✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡
❞✐✈❡rs✐t② ✭❡①♣r❡ss❡❞ ❛s ❙❤❛♥♥♦♥ ✐♥❞❡①✮ ✇✐t❤✐♥ t❤❡ tr❛♥s❡❝ts✳
❚❤✉s ■ ❛ss✉♠❡ t❤❛t ❡✛❡❝ts ♦❢ ❧❛♥❞s❝❛♣❡ str✉❝t✉r❡ ♦r ❞✐✈❡rs✐t② ♦♥ t❤❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t ❛r❡ s♠❛❧❧ ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡ ✐♥ ❧♦✇ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥✳ ❍♦✇❡✈❡r✱ ✐♥
♠② s✐♠✉❧❛t✐♦♥s✱ t❤❡ ❞✐✈❡rs✐t② ✇❛s ♦♥❧② ❛♠♦♥❣ ♣❛t❝❤❡s✱ ✇❤✐❧❡ ❡❛❝❤ ♣❛t❝❤ ❤❛❞ ♦♥❧②
♦♥❡ ✈❡❣❡t❛t✐♦♥ t②♣❡ ✇✐t❤ ❛ s✐♥❣❧❡ s♣❡❝✐❡s✳ ❙❡✈❡r❛❧ s♣❡❝✐❡s ✇✐t❤ ❞✐✛❡r❡♥t ❧✐❣❤t ✉s❡
str❛t❡❣✐❡s ❛t t❤❡ s❛♠❡ ❧♦❝❛t✐♦♥ ❝❛♥ ♣♦t❡♥t✐❛❧❧② ❤❛✈❡ ❛ str♦♥❣❡r ❡✛❡❝t ♦♥ ❛❧❜❡❞♦✱
tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞ ❋❆P❆❘✳
✺✳✸ ❲♦♦❞ ❛♥❞ ❧✐tt❡r ❛r❡ ✐♠♣♦rt❛♥t ❝❛♥♦♣② ❝♦♠♣♦♥❡♥ts
❈❧✐♠❛t❡ ✐♥✢✉❡♥❝❡s ✈❡❣❡t❛t✐♦♥ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❝❛♥♦♣② str✉❝t✉r❡✱ ✇❤✐❝❤ ✐♥ t✉r♥ ❢❡❡❞
❜❛❝❦ t♦ ❝❧✐♠❛t❡✳ P❧❛♥ts ❣r♦✇✐♥❣ ✐♥ ❆r❝t✐❝ ❡♥✈✐r♦♥♠❡♥ts ❤❛✈❡ t♦ ✇✐t❤st❛♥❞ ♥♦t ♦♥❧②
✾✼
✺ ●❡♥❡r❛❧ ❞✐s❝✉ss✐♦♥
❝♦❧❞ s♦✐❧ ❛♥❞ ❛✐r t❡♠♣❡r❛t✉r❡s ✭❇✐❧❧✐♥❣s ❛♥❞ ▼♦♦♥❡② ✱ ✶✾✻✽❀ ◆❡♠❛♥✐ ❡t ❛❧✳✱ ✷✵✵✸✮✱
❜✉t ❛❧s♦ str♦♥❣ ♥✉tr✐❡♥t ❧✐♠✐t❛t✐♦♥ ✭❙❤❛✈❡r ❛♥❞ ❈❤❛♣✐♥✱ ✶✾✾✺✮ ❛♥❞ s❤♦rt ❣r♦✇✐♥❣
s❡❛s♦♥s ✭❇❛r✐❝❤✐✈✐❝❤ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❋✉rt❤❡r♠♦r❡✱ ❝♦♠♣❡t✐t✐♦♥ ❢♦r ❧✐❣❤t ✐s r❡❞✉❝❡❞
❛s ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r ❜✐♦♠❡s ✭❇✐❧❧✐♥❣s ❛♥❞ ▼♦♦♥❡② ✱ ✶✾✻✽✮✳ ❚❤❡s❡ ❝♦♥❞✐t✐♦♥s ❢♦st❡r
❧♦✇❡r ❧❡❛❢ ❛r❡❛s ✐♥❞✐❝❡s ✭▲❆■✱ ●❛♥❣✉❧② ❡t ❛❧✳✱ ✷✵✶✹✮ ❛♥❞ ❝❛♥♦♣② ❤❡✐❣❤ts ✭❲❛❧❦❡r ❡t ❛❧✳✱
✷✵✵✺❀ ❙✐♠❛r❞ ❡t ❛❧✳✱ ✷✵✶✶✮ ❛s ❝♦♠♣❛r❡❞ t♦ ♠♦r❡ ❢❛✈♦✉r❛❜❧❡ ❝♦♥❞✐t✐♦♥s✳ ▲❆■ ❤❛s ❜❡❡♥
❞❡✜♥❡❞ ❛s ❡ss❡♥t✐❛❧ ❝❧✐♠❛t❡ ✈❛r✐❛❜❧❡ ✭❇♦❥✐♥s❦✐ ❡t ❛❧✳✱ ✷✵✶✹✮ ❛♥❞ ❣❧♦❜❛❧ ▲❆■ ❡st✐♠❛t❡s
❤❛✈❡ ❜❡❡♥ ❞❡r✐✈❡❞ ❢r♦♠ s❛t❡❧❧✐t❡ ♣r♦❞✉❝ts ✭❈❛♠❛❝❤♦ ❡t ❛❧✳✱ ✷✵✶✸❀ ●❛♥❣✉❧② ❡t ❛❧✳✱
✷✵✶✹✮✳ ❍♦✇❡✈❡r✱ ❛s ■ s❤♦✇ ✐♥ ❛❧❧ t❤r❡❡ ❈❤❛♣t❡rs✱ t❤❡ ▲❆■ ❞♦❡s ♥♦t ❢✉❧❧② ❝❤❛r❛❝t❡r✐s❡
t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ✐♥ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥✳ ❚✇♦ ♦t❤❡r ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ❛r❡ ✈❡r②
✐♠♣♦rt❛♥t ❢♦r t❤❡ ❝❛♥♦♣②✕r❛❞✐❛t✐♦♥ ✐♥t❡r❛❝t✐♦♥ ✐♥ ❆r❝t✐❝ t✉♥❞r❛✱ ♥❛♠❡❧② ✇♦♦❞ ❛♥❞
st❛♥❞✐♥❣ ❞❡❛❞ ♣❧❛♥t ♠❛t❡r✐❛❧✳
❲♦♦❞
❲♦♦❞ ❛r❡❛ ✐♥❞❡① ✭s②♥♦♥②♠♦✉s ✇✐t❤ st❡♠ ❛♥❞ ❜r❛♥❝❤ ❛r❡❛ ✐♥❞❡①✱ ✐♥ m2 m−2✮ ✐s
♥♦t ❝♦♠♠♦♥❧② ❡st✐♠❛t❡❞ ✐♥ t✉♥❞r❛ ❛r❡❛s✳ ❚❤♦♠♣s♦♥ ❡t ❛❧✳ ✭✷✵✵✹✮ ♠❡❛s✉r❡❞ ✐t ❢♦r
❢♦r❡st ✭✵✳✾✹✮✱ ✇♦♦❞❧❛♥❞ ✭✷✳✽✷✮ ❛♥❞ t❛❧❧ s❤r✉❜ t✉♥❞r❛ ✭✸✳✷✷✮ ❜✉t ♥♦t ❢♦r ❧♦✇ s❤r✉❜s
♦r ❞✇❛r❢ s❤r✉❜s ❛t ❛♥ ❆❧❛s❦❛♥ st✉❞② s✐t❡✳ ❊①❝❡♣t ❢♦r ❢♦r❡st✱ t❤❡② ❢♦✉♥❞ ❤✐❣❤❡r
✇♦♦❞ ❛r❡❛ ✐♥❞✐❝❡s t❤❛♥ ▲❆■✳ ❊❝♦❧♦❣✐❝❛❧❧② ♠♦t✐✈❛t❡❞ st✉❞✐❡s ♦❢t❡♥ ♠❡❛s✉r❡ ❜✐♦♠❛ss
✐♥st❡❛❞ ♦❢ ♣❧❛♥t ❛r❡❛✳ ❙❤❛✈❡r ❡t ❛❧✳ ✭✷✵✵✶✮ ♠❡❛s✉r❡❞ ❞✇❛r❢ ❜✐r❝❤ ✭❇❡t✉❧❛ ♥❛♥❛✮
❛❜♦✈❡ ❣r♦✉♥❞ ✇♦♦❞ ❜✐♦♠❛ss ♦❢ 54 gm−2✱ ✇❤✐❝❤ ✇❛s ✼✾✪ ♦❢ t❤❡ t♦t❛❧ ❜✐♦♠❛ss✳ ◆♦t
♦♥❧② t❤❡ t♦t❛❧ ❜✐♦♠❛ss ✇❛s ❧❛r❣❡r ❢♦r st❡♠s t❤❛♥ ❢♦r ❧❡❛✈❡s✱ ❛❧s♦ t❤❡ ❛♥♥✉❛❧ ✇♦♦❞
❜✐♦♠❛ss ♣r♦❞✉❝t✐♦♥ ✇❛s ✸✵✪ ❤✐❣❤❡r t❤❛♥ t❤❡ ❛♥♥✉❛❧ ❧❡❛❢ ♣r♦❞✉❝t✐♦♥ ✭❙❤❛✈❡r ✱ ✶✾✽✻✮✳
❚②♣✐❝❛❧ ❡①❛♠♣❧❡s ♦❢ ❞✇❛r❢ s❤r✉❜s ❛t t❤❡ ❑②t❛❧②❦ st✉❞② s✐t❡ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✲
✉r❡ ✺✳✹✳ ❲♦♦❞ ❛r❡❛ ✐♥❞✐❝❡s ✇❡r❡ ✐♥ t❤❡ s❛♠❡ r❛♥❣❡ ❛s ▲❆■ ❢♦r ❞✇❛r❢ s❤r✉❜s ✭❋✐❣✉r❡s
✷✳✸✱ ✺✳✺✮✳ ❍♦✇❡✈❡r✱ t❤❡ ❝♦rr❡❧❛t✐♦♥ ✇❛s ♥♦t ✈❡r② str♦♥❣ ✭R = 0.49✱ ❋✐❣✉r❡ ✺✳✺✮ ❛♥❞
t❤✉s t❤❡ ❛❝❝✉r❛❝② ♦❢ ✇♦♦❞ ❛r❡❛ ❡①tr❛♣♦❧❛t✐♦♥ ❜❛s❡❞ ♦♥ ❧❡❛❢ ❛r❡❛ ✐s ❧✐♠✐t❡❞ ✭❈❤❛♣✲
t❡r ✹✮✳
■♥ ❛❞❞✐t✐♦♥ t♦ ♣❧❛♥t ❛r❡❛✱ ■ ♠❡❛s✉r❡❞ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❜✐♦♠❛ss ♦♥ t✇♦ ♣❧♦ts ♦❢ 1m2
❞❡str✉❝t✐✈❡❧② ❜② ❝❧✐♣♣✐♥❣ ❛❧❧ r❛♠❡ts ❛t t❤❡ ♠♦ss ♦r ❧✐tt❡r s✉r❢❛❝❡✱ s❡♣❛r❛t✐♥❣ ❧❡❛✈❡s
❢r♦♠ ✇♦♦❞ ❛♥❞ ❛✐r ❞r②✐♥❣ t❤❡ ❜✐♦♠❛ss ❢♦r ❛❜♦✉t ♦♥❡ ✇❡❡❦ ❜❡❢♦r❡ ✇❡✐❣❤✐♥❣✳ ❲♦♦❞
❜✐♦♠❛ss ❛❧s♦ ✐♥❝❧✉❞❡❞ ❞❡❛❞ ❜r❛♥❝❤❡s✳ ❚❤❡ ✜rst ♣❧♦t ❤❛❞ ✐♥ t♦t❛❧ 1115 gm−2 ❞r②
✇♦♦❞ ♠❛ss✱ ♠♦st❧② ❇❡t✉❧❛ ♥❛♥❛ ❛♥❞ ✶✳✻✪ ❙❛❧✐① ♣✉❧❝❤r❛✳ ❚❤❡ t♦t❛❧ ❞✇❛r❢ s❤r✉❜ ❞r②
❧❡❛❢ ♠❛ss ✇❛s 99 gm−2✳ ❚❤❡ s❡❝♦♥❞ ♣❧♦t ❤❛❞ ❛ ❞r② ✇♦♦❞ ♠❛ss ♦❢ 1251 gm−2 ✭✵✳✻✪
♦❢ ✐t ❙❛❧✐① ♣✉❧❝❤r❛✮ ❛♥❞ 73 gm−2 ❞r✐❡❞ ❧❡❛✈❡s✳ ❚❤✉s✱ ■ ❢♦✉♥❞ t❤❛t ❣r❡❡♥ ❧❡❛✈❡s ♠❛❞❡
✉♣ ❢♦r ♦♥❧② ✻✕✽✪ ♦❢ t❤❡ ❞r② ❜✐♦♠❛ss✱ ❧❡ss t❤❛♥ ✐♥ t❤❡ st✉❞② ❜② ❙❤❛✈❡r ❡t ❛❧✳ ✭✷✵✵✶✮✳
❍♦✇❡✈❡r✱ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ✇♦♦❞ ❢♦r t❤❡ r❛❞✐❛t✐✈❡ ❜✉❞❣❡t ✐s ♥♦t ♦♥❧② ❜❛s❡❞ ♦♥
t❤❡ ❧❛r❣❡ ✇♦♦❞ ❛r❡❛ ❛♥❞ ♠❛ss ♦❢ t✉♥❞r❛ ❞✇❛r❢ s❤r✉❜s✱ ❜✉t ❛❧s♦ ♦♥ t❤❡ r❛❞✐❛t✐✈❡
♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❜❛r❦✳ ❆s ✇♦♦❞ r❡✢❡❝ts ❛ s✐♠✐❧❛r ❛♠♦✉♥t ♦❢ r❛❞✐❛t✐♦♥ ❛s ❧❡❛✈❡s
❛♥❞ ❞♦❡s ♥♦t tr❛♥s♠✐t ❛♥② r❛❞✐❛t✐♦♥ ✭❋✐❣✉r❡s ✸✳✷✱ ✹✳❆✳✸✮✱ ✐t ✐s ❛ ❜❡tt❡r ❛❜s♦r❜❡r✳
✾✽
✺✳✸ ❲♦♦❞ ❛♥❞ ❧✐tt❡r ❛r❡ ✐♠♣♦rt❛♥t ❝❛♥♦♣② ❝♦♠♣♦♥❡♥ts
✭❛✮ ✭❜✮
✭❝✮ ✭❞✮
❋✐❣✉r❡ ✺✳✹✿ ❉✇❛r❢ ❜✐r❝❤ ✭❇❡t✉❧❛ ♥❛♥❛✮ ❝❛♥♦♣②✱ ✭❛✮ t♦♣✈✐❡✇ ♦❢ ❛❜♦✉t 1×1.5m ❛♥❞ ✭❜✕❞✮
♣r♦✜❧❡s❀ ♥♦t❡ t❤❡ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ ✇♦♦❞ ❛s ❝♦♠♣❛r❡❞ t♦ ❧❡❛✈❡s✳
■♥ ❈❤❛♣t❡r ✸✱ ■ s✐♠✉❧❛t❡❞ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ✇♦♦❞ ❢♦r t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✳ ■♥
❝❛s❡ ♦❢ ❡q✉❛❧ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❛r❡❛ ✐♥❞❡①✱ ✇♦♦❞ ❝♦♥tr✐❜✉t❡❞ ✼✶✪ t♦ t❤❡ t♦t❛❧ ❝❛♥♦♣②
❛❜s♦r♣t❛♥❝❡ ✐♥ ❛ ❧♦♦s❡ ❝❛♥♦♣② ❛♥❞ ✺✼✪ ✐♥ ❛ ✈❡r② ❞❡♥s❡ ❝❛♥♦♣② ✭❋✐❣✉r❡s ✸✳✼✱ ✺✳✻❛✮✳
❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ✇♦♦❞ ❢♦r t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❤❛s ❛❧s♦ ❜❡❡♥ str❡ss❡❞ ❜② ♦t❤❡r
❛✉t❤♦rs ❢♦r ❞✐✛❡r❡♥t ❡♥✈✐r♦♥♠❡♥ts✳ ❋♦r ❡①❛♠♣❧❡✱ ❑♦❜❛②❛s❤✐ ❡t ❛❧✳ ✭✷✵✶✷✮ ❢♦✉♥❞ t❤❛t
✇♦♦❞ ❛❜s♦r❜❡❞ ✶✷✕✸✾✪ ♦❢ t❤❡ P❆❘ ✭♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡ r❛❞✐❛t✐♦♥✮ ✐rr❛❞✐❛♥❝❡
❛♥❞ ✷✵✕✺✷✪ ♦❢ t❤❡ ♥❡❛r ✐♥❢r❛✲r❡❞ ✐rr❛❞✐❛♥❝❡ ✐♥ ❛♥ ♦❛❦ ✇♦♦❞❧❛♥❞ ✇✐t❤ ❛♥ ▲❆■ ♦❢ ✵✳✼✼✳
❆s♥❡r ❡t ❛❧✳ ✭✶✾✾✽✮ ❛♥❞ ❆s♥❡r ✭✶✾✾✽✮ str❡ss t❤❡ ✐♠♣♦rt❛♥t ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ✇♦♦❞ t♦
t❤❡ t♦t❛❧ ❝❛♥♦♣② ❛❜s♦r♣t❛♥❝❡ ❢♦r s❤r✉❜❧❛♥❞s ❛♥❞ ♦t❤❡r ✈❡❣❡t❛t✐♦♥ ✇✐t❤ ❧♦✇ ♣❧❛♥t
❛r❡❛ ✐♥❞✐❝❡s✳
❉❡s♣✐t❡ t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ✇♦♦❞ ❢♦r t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ❧✐tt❧❡ ✜❡❧❞ ❞❛t❛ ❛r❡
❛✈❛✐❧❛❜❧❡ t❤❛t ❝♦✉❧❞ ❤❡❧♣ t♦ ❛❝❝✉r❛t❡❧② ♣❛r❛♠❡tr✐s❡ ❝❧✐♠❛t❡ ❛♥❞ ❧❛♥❞ s✉r❢❛❝❡ ♠♦❞✲
❡❧s✳ ❈✉rr❡♥t❧②✱ ✇♦♦❞ ✐s tr❡❛t❡❞ ✈❡r② r♦✉❣❤❧② ✐♥ ❧❛r❣❡ s❝❛❧❡ ♠♦❞❡❧s✳ ❚❤r❡❡ ❞✐✛❡r❡♥t
❛♣♣r♦❛❝❤❡s ❛r❡ ❝♦♠♠♦♥❧② ✉s❡❞✳ ❚❤❡ ✜rst ❡①❛♠♣❧❡ ✐s t❤❡ st✉❞② ♦♥ ✈❡❣❡t❛t✐♦♥ ❝♦♠✲
♣♦s✐t✐♦♥ ♠♦❞❡❧❧✐♥❣ ✉s✐♥❣ r❡♠♦t❡❧② s❡♥s❡❞ ❞❛t❛ ♦❢ ❛ tr❡❡❧✐♥❡ ❡♥✈✐r♦♥♠❡♥t ✐♥ ❈❛♥❛❞❛
❜② ❖❧t❤♦❢ ❛♥❞ P♦✉❧✐♦t ✭✷✵✶✵✮✳ ❚❤❡ ❛✉t❤♦rs ✉s❡ ❛ ✜①❡❞ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ♦❢ ✵✳✶✼ ❢♦r
❜♦r❡❛❧ s❤r✉❜s ✭▲❆■❂✶✳✼✮ ✇✐t❤♦✉t ✐♥❞✐❝❛t✐♥❣ ✇❤❡r❡ t❤✐s ✈❛❧✉❡ ✇❛s ♠❡❛s✉r❡❞ ♦r ❤♦✇
✐t ✇❛s ❡st✐♠❛t❡❞✳ ■♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♠② st✉❞②✱ t❤✐s ✇♦♦❞ ❛r❡❛ ✐♥❞❡① s❡❡♠s t♦ ❜❡
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❋✐❣✉r❡ ✺✳✺✿ ✭❛✮ Pr♦❥❡❝t❡❞ ❧❡❛❢ ❛♥❞ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ♠❡❛s✉r❡❞ ✇✐t❤ ♣♦✐♥t q✉❛❞r❛t ❣r✐❞s
✭♣❧✉s✮ ❛♥❞ ❞❡str✉❝t✐✈❡❧② ✭❝✐r❝❧❡✮ ♦♥ ❞✇❛r❢ s❤r✉❜ ♣❧♦ts ✭❇❡t✉❧❛ ♥❛♥❛✮ ❛♥❞ ✭❜✮ ❞❡str✉❝✲
t✐✈❡❧② ♠❡❛s✉r❡❞ ❣r❡❡♥ ❧❡❛❢ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ♦♥ ✇❡t s❡❞❣❡ ♣❧♦ts ✭❊r✐♦✲
♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮❀ t❤❡ ❧✐♥❡s ✐♥❞✐❝❛t❡ ✶✿✶ r❡❧❛t✐♦♥s❤✐♣s✳
✈❡r② ❧♦✇✳ ■ ♠❡❛s✉r❡❞ ❛♥ ▲❆■ ♦❢ ❛r♦✉♥❞ ✵✳✾ ❛♥❞ ❛ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ♦❢ ✶✳✶ ❛t ❞✇❛r❢
s❤r✉❜ ❝❛♥♦♣✐❡s ✭❋✐❣✉r❡ ✷✳✸✮✳ ❆t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✱ t❤❡ s♣❛t✐❛❧❧② ❡①tr❛♣♦❧❛t❡❞ ✇♦♦❞
❛r❡❛ ✐♥❞❡① ✇❛s ❛❜♦✉t ✹✹✪ ♦❢ ▲❆■ ✐♥ t❤❡ ❑②t❛❧②❦ st✉❞② r❡❣✐♦♥✳
❚❤❡ s❡❝♦♥❞ ❡①❛♠♣❧❡ ❛r❡ ❡①t❡♥s✐✈❡❧② ✉s❡❞ ❣❧♦❜❛❧ ♠♦❞❡❧s t❤❛t ❝♦♠♣✉t❡ ✇♦♦❞ ❛r❡❛
✐♥❞❡① ❢r♦♠ ▲❆■ ✉s✐♥❣ ❛ ❝♦♥st❛♥t ❢r❛❝t✐♦♥ ♦❢ ✺✪ ❢♦r ♥♦♥✲❢♦r❡st❡❞ ❛r❡❛s ✭❙❡❧❧❡rs ❡t ❛❧✳✱
✶✾✾✻❀ ▼②♥❡♥✐ ❡t ❛❧✳✱ ✶✾✾✼✮✳
❚❤❡ t❤✐r❞ ❡①❛♠♣❧❡ ✐s t❤❡ ❈♦♠♠♦♥ ▲❛♥❞ ▼♦❞❡❧ ✭❈▲▼✮ ✇❤✐❝❤ ✉s❡s ✶✼ ❞✐✛❡r❡♥t
❧❛♥❞❝♦✈❡r t②♣❡s t♦ ❞❡s❝r✐❜❡ ❛❧❧ ✈❡❣❡t❛t✐♦♥ ♦♥ ❡❛rt❤ ✭❩❡♥❣ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ■♥ t❤✐s ♠♦❞❡❧✱
✇♦♦❞ ❛♥❞ ❞❡❛❞ ❧❡❛✈❡s ❛r❡ ❝♦♠❜✐♥❡❞ t♦ ❛ s✐♥❣❧❡ ✈❛r✐❛❜❧❡✳ ❚❤❡ t✇♦ s❤r✉❜❧❛♥❞ t②♣❡s ❛s
✇❡❧❧ ❛s ♣❡r♠❛♥❡♥t ✇❡t❧❛♥❞s s❤❛r❡ ❝♦♠♠♦♥ ♣❛r❛♠❡t❡rs ❢♦r ✇♦♦❞ ❛♥❞ ❞❡❛❞ ❧❡❛❢ ❛r❡❛
✐♥❞❡①✱ ✇❤✐❝❤ ✐s ❛ ♠✐♥✐♠✉♠ ♦❢ ✶ ❛♥❞ ❛ s❡❛s♦♥❛❧ ❝②❝❧❡ ✇❤✐❝❤ ❛❞❞s ♥❡✇ ❞❡❛❞ ❧❡❛✈❡s ❛♥❞
r❡♠♦✈❡s ✺✵✪ ♦❢ t❤❡ ❞❡❛❞ ❧❡❛✈❡s t❤❛t ❞✐❡❞ ✐♥ t❤❡ ♠♦♥t❤ ❜❡❢♦r❡ ✭❩❡♥❣ ❡t ❛❧✳✱ ✷✵✵✷✮✳
❚❤✐s ♠❡t❤♦❞ ❤❛s ❜❡❡♥ ✉s❡❞ ✐♥ ♦t❤❡r st✉❞✐❡s ✭❡✳❣✳ ✐♥ ▲❛✇r❡♥❝❡ ❛♥❞ ❈❤❛s❡✱ ✷✵✵✼✮✳
▲❛✇r❡♥❝❡ ❛♥❞ ❙✇❡♥s♦♥ ✭✷✵✶✶✮ ❛♣♣❧✐❡❞ t❤❡ s❛♠❡ ♠❡t❤♦❞ ❜✉t ❛❞❥✉st❡❞ t❤❡ ♠❛①✐♠❛❧
✇♦♦❞ ❛r❡❛ ✐♥❞❡① t♦ ✶✳✺ ❢♦r ❆r❝t✐❝ ❛r❡❛s✳ ■♥ t❤❡ ♥♦t❛t✐♦♥ ♦❢ ▲❛✇r❡♥❝❡ ❛♥❞ ❙✇❡♥s♦♥
✭✷✵✶✶✮ t❤❡ ♠❡❛s✉r❡ st❡♠ ❛r❡❛ ✐♥❞❡① ✭❙❆■✮ ♦♥❧② ✐♥❝❧✉❞❡s ✇♦♦❞✱ ♥♦ ❞❡❛❞ ♠❛t❡r✐❛❧✳
❍♦✇❡✈❡r✱ ✐♥ t❤❛t ❝❛s❡ t❤❡ st❡❡♣ ✐♥❝r❡❛s❡ ♦❢ st❡♠ ❛r❡❛ ❜❡t✇❡❡♥ ❆✉❣✉st ❛♥❞ ❖❝t♦❜❡r
✐♥ t❤❡✐r st✉❞② ✐s s✉r♣r✐s✐♥❣✳ ❙❡✈❡r❛❧ ♠♦❞❡❧❧✐♥❣ st✉❞✐❡s✱ s✉❝❤ ❛s ❨✐ ❡t ❛❧✳ ✭✷✵✵✼✮✱
✉s❡ ❛ s✐♠✐❧❛r ❛♣♣r♦❛❝❤ ❛s ✐♥ t❤❡ ❈▲▼✳ ❨✐ ❡t ❛❧✳ ✭✷✵✵✼✮ t❛❦❡ ✇♦♦❞ ❛r❡❛ ✈❛❧✉❡s ❢r♦♠
❇♦♥❛♥ ✭✶✾✾✻✮ ✇❤✐❝❤ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❣❧♦❜❛❧ st✉❞② ❜② ❉♦r♠❛♥ ❛♥❞ ❙❡❧❧❡rs ✭✶✾✽✾✮✳
❚❤❡ ♣r✐♠❛r② ♦r✐❣✐♥ ♦❢ t❤❡ ✇♦♦❞ ❞❛t❛ ✐s ♣r♦❜❛❜❧② ❛ st✉❞② ❜② ❑❧✐♥❦ ❛♥❞ ❲✐❧❧♠♦tt
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❲♦♦❞ ❛r❡❛ ✐♥❞❡①
❋✐❣✉r❡ ✺✳✻✿ P❛rt✐t✐♦♥✐♥❣ ♦❢ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✇❤✐❝❤ ✐s ❛❜s♦r❜❡❞ ❜② t❤❡ ❝❛♥♦♣②
❛s s✐♠✉❧❛t❡❞ ✐♥ ❈❤❛♣t❡r ✸ ✇✐t❤ ❝♦♠♣❧❡①✐t② ■❱ ✭♦❜❥❡❝t ❜r❛♥❝❤❡s ❛♥❞ t✉r❜✐❞ ❧❡❛✈❡s✮✱
s❡❡ ❋✐❣✉r❡ ✸✳✼✱ ✭❛✮ ♠♦❞❡❧❧❡❞ ❞❛t❛ ✉s✐♥❣ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ❂ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ❛♥❞ ✭❜✮
♠♦❞❡❧❧❡❞ ❞❛t❛ ✉s✐♥❣ ❞✐✛❡r❡♥t ❧❡❛❢ t♦ ✇♦♦❞ r❛t✐♦s ✇✐t❤ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ❂ ✷✳
✭✶✾✽✺✮✱ ✇❤✐❝❤ ✐s ♥♦t ❛✈❛✐❧❛❜❧❡✳ ❲❤✐❧❡ ❉♦r♠❛♥ ❛♥❞ ❙❡❧❧❡rs ✭✶✾✽✾✮ ✉s❡❞ t❤❡ t❡r♠s
t♦t❛❧ ▲❆■ ✈❡rs✉s ❣r❡❡♥ ▲❆■✱ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ✇❛s ♥❛♠❡❞ st❡♠ ❛r❡❛
✐♥❞❡① ✐♥ ❇♦♥❛♥ ✭✶✾✾✻✮ ❛♥❞ s✉❜s❡q✉❡♥t st✉❞✐❡s✳
❙t❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s
■♥ ❆r❝t✐❝ t✉♥❞r❛✱ ❞❡❝♦♠♣♦s✐t✐♦♥ ♦❢ ❞❡❛❞ ♣❧❛♥t ♠❛t❡r✐❛❧ ✐s ❧✐♠✐t❡❞ ❜② ❝♦❧❞ t❡♠♣❡r❛✲
t✉r❡ ❛♥❞ ❢r♦③❡♥ ❝♦♥❞✐t✐♦♥s ❞✉r✐♥❣ ♠♦st ♦❢ t❤❡ ②❡❛r ✭❏♦♥❛ss♦♥ ❡t ❛❧✳✱ ✷✵✵✹❀ ❳✉❡ ❡t ❛❧✳✱
✷✵✶✻✮✳ ❚❤❡ s❧♦✇ ❞❡❝♦♠♣♦s✐t✐♦♥ ❧❡❛❞s t♦ ❛♥ ❛❝❝✉♠✉❧❛t✐♦♥ ♦❢ ❧✐tt❡r ♦♥ t❤❡ s♦✐❧ s✉r❢❛❝❡✳
❍♦✇❡✈❡r✱ ✉♥❧✐❦❡ s❤r✉❜ ❧✐tt❡r✱ ❞❡❛❞ ❣r❛♠✐♥♦✐❞ ❧❡❛✈❡s ♦❢ t❤❡ ❧❛st ❣r♦✇✐♥❣ s❡❛s♦♥ ❞♦
♥♦t ❧✐❡ ✢❛t ♦♥ t❤❡ ❣r♦✉♥❞✳ ❆t t❤❡ ❑②t❛❧②❦ s✐t❡✱ ❞❡❛❞ ✇❡t s❡❞❣❡ ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉s✲
t✐❢♦❧✐✉♠✮ ❧❡❛✈❡s ❜✉✐❧❞ ❛ 10✕20 cm t❤✐❝❦ ❧❛②❡r ❛❜♦✈❡ t❤❡ ✇❛t❡r ♦r ✇❡t ❧✐tt❡r s✉r❢❛❝❡
✭❋✐❣✉r❡ ✺✳✼✮✳ ■ ♠❡❛s✉r❡❞ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠ ❣r❡❡♥ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ ❛♥❞
❜✐♦♠❛ss ❞❡str✉❝t✐✈❡❧② ❛t t❤r❡❡ ♣❧♦ts✱ ♦♥❡ ♦❢ 0.25m2 ✐♥ ✷✵✶✸ ❛♥❞ t✇♦ ♦❢ 1m2 ✐♥ ✷✵✶✹✳
■♥ ❛❧❧ ❤❛r✈❡sts✱ ■ ❢♦✉♥❞ t❤❛t st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✇❛s ❛❜♦✉t ✶✳✶ t✐♠❡s ❣r❡❡♥
❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✭❚❛❜❧❡ ✺✳✶✱ ❋✐❣✉r❡ ✺✳✺❜✮✳ ❲❤✐❧❡ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❤❛❞ ❛ ❧❛r❣❡r
❛r❡❛ ✐♥❞❡① t❤❛♥ ❣r❡❡♥ ❧❡❛✈❡s✱ t❤❡ ❞r② ❜✐♦♠❛ss ✇❛s r♦✉❣❤❧② ✶✵✪ ❧♦✇❡r ✭❚❛❜❧❡ ✺✳✶✮✳
❙t❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❛r❡ ♥♦t ♦♥❧② ✐♠♣♦rt❛♥t ❜❡❝❛✉s❡ ♦❢ t❤❡✐r ❧❛r❣❡ ❛r❡❛ ✐♥ ✇❡t
s❡❞❣❡ ❝❛♥♦♣✐❡s✱ ❜✉t ❛❧s♦ ❜❡❝❛✉s❡ t❤❡② ❤❛✈❡ ✈❡r② ❞✐✛❡r❡♥t ♣r♦♣❡rt✐❡s ❛s ❝♦♠♣❛r❡❞
t♦ ❣r❡❡♥ ❧❡❛✈❡s✳ ❉❡❛❞ ❧❡❛✈❡s r❡✢❡❝t ♠♦r❡ ❧✐❣❤t t❤❛♥ ❣r❡❡♥ ❧❡❛✈❡s ✭❋✐❣✉r❡ ✹✳❆✳✸✮✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ✐s ❞✐✛❡r❡♥t✳ ❲❤✐❧❡ ❣r❡❡♥ ❊✳ ❛♥❣✉st✐❢♦❧✐✉♠
❧❡❛✈❡s ❛r❡ ♣r❡❢❡r❡♥t✐❛❧❧② ♦r✐❡♥t❡❞ ✈❡rt✐❝❛❧❧② ✭❡r❡❝t♦♣❤✐❧✮✱ ❞❡❛❞ ❧❡❛✈❡s ❛r❡ ♠♦st❧② ❤♦r✲
✐③♦♥t❛❧ ✭♣❧❛♥♦♣❤✐❧✱ ❋✐❣✉r❡ ✹✳❆✳✷✮✳ ❚❤✉s ❞❡❛❞ ❧❡❛✈❡s ❛r❡ ❡✛❡❝t✐✈❡ ✐♥ s❤❛❞✐♥❣ t❤❡ s♦✐❧
✭❋✐❣✉r❡ ✷✳✼❝✮✳
✶✵✶
✺ ●❡♥❡r❛❧ ❞✐s❝✉ss✐♦♥
✭❛✮ ✭❜✮
✭❝✮ ✭❞✮
❋✐❣✉r❡ ✺✳✼✿ ❲❡t s❡❞❣❡ ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮ ❝❛♥♦♣②✱ ✭❛✱❜✮ t♦♣✈✐❡✇s ♦❢ ❛❜♦✉t 1 ×
1.5m ❛♥❞ ✭❝✱❞✮ ♣r♦✜❧❡s❀ ♥♦t❡ t❤❡ ❛♠♦✉♥t ♦❢ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✳
❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ✭s②♥♦♥②♠♦✉s ✇✐t❤ st❛♥❞✐♥❣ ❧✐tt❡r✮ ❢♦r t❤❡
t✉♥❞r❛ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❤❛s ❜❡❡♥ ❤✐❣❤❧✐❣❤t❡❞ ❜② ❈❤❛♣✐♥ ❡t ❛❧✳ ✭✷✵✵✵❜✮✱ ✇❤♦ ❢♦✉♥❞
t❤❛t ❞❡❛❞ s❡❞❣❡ ❧❡❛✈❡s ✐♥❝r❡❛s❡❞ t❤❡ ❛❧❜❡❞♦ ♦❢ ✇❡t t✉♥❞r❛ ✐♥ ❆❧❛s❦❛✳ ❋✉rt❤❡r♠♦r❡✱
❈❛❧❞✇❡❧❧ ❡t ❛❧✳ ✭✶✾✼✹✮ s❤♦✇❡❞ t❤❛t ♣❛rt✐❝✉❧❛r❧② ❛t ❛♥ ❛❧♣✐♥❡ s❡❞❣❡ ❝♦♠♠✉♥✐t② ❞❡❛❞
❧❡❛✈❡s ❝♦♥tr✐❜✉t❡❞ s✐❣♥✐✜❝❛♥t❧② t♦ t❤❡ s❤❛❞✐♥❣ ♦❢ t❤❡ ✇❤♦❧❡ ❝❛♥♦♣②✳ ❆s♥❡r ❡t ❛❧✳
✭✶✾✾✽✮ ❛♥❞ ❆s♥❡r ✭✶✾✾✽✮ str❡ss t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ✐♥ ❣r❛♠✐♥♦✐❞
❝♦♠♠✉♥✐t✐❡s✱ ✇❤❡r❡ t❤❡② ❝❛♥ s✐❣♥✐✜❝❛♥t❧② ❝♦♥tr✐❜✉t❡ t♦ ❝❛♥♦♣② ❛❜s♦r♣t❛♥❝❡ ❛♥❞
r❡✢❡❝t❛♥❝❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❧❛②❡r ♦❢ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ♠❛② ✐♠♣❛❝t t❤❡ t✉r❜✉❧❡♥t
tr❛♥s❢❡r ♦❢ ❤❡❛t ❛♥❞ ♠♦✐st✉r❡ ❜❡t✇❡❡♥ t❤❡ s❛t✉r❛t❡❞ ❝♦❧❞ s♦✐❧ ❛♥❞ t❤❡ ❛t♠♦s♣❤❡r❡✳
■♥ ❧❛r❣❡ s❝❛❧❡ ♠♦❞❡❧❧✐♥❣✱ ❞❡❛❞ ❧❡❛✈❡s ❛r❡ ♦❢t❡♥ ❝♦♠❜✐♥❡❞ ✇✐t❤ ✇♦♦❞ ✐♥ ❛ s✐♥❣❧❡
✈❛r✐❛❜❧❡ ♦❢ ❵♥♦t✲♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡ ♣❧❛♥t ❛r❡❛✬ ✭❡✳❣✳ ❇♦♥❛♥✱ ✶✾✾✻✮✳ ❚❤✐s ✐s
❛ str♦♥❣ s✐♠♣❧✐✜❝❛t✐♦♥ ❣✐✈❡♥ t❤❡ ❤✐❣❤ r❡✢❡❝t❛♥❝❡ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡ ✭❡s♣❡❝✐❛❧❧② ✐♥
t❤❡ ♥❡❛r ✐♥❢r❛✲r❡❞✮ ♦❢ ❞❡❛❞ s❡❞❣❡ ❧❡❛✈❡s ❛s ❝♦♠♣❛r❡❞ t♦ ✇♦♦❞ ♦❢ s❤r✉❜s ♦r tr❡❡s
✭❋✐❣✉r❡ ✹✳❆✳✸✮✳ ❙❡❧❧❡rs ❡t ❛❧✳ ✭✶✾✾✻✮ ❝♦♥s✐❞❡r❡❞ ❞❡❛❞ ❧❡❛✈❡s s❡♣❛r❛t❡❧②✳ ❍♦✇❡✈❡r✱
✐♥ t❤❡✐r ♠♦❞❡❧✱ ❞❡❛❞ ❧❡❛✈❡s ✇❡r❡ ✐♥❝❧✉❞❡❞ ♦♥❧② ❛❢t❡r ♣❡❛❦ ▲❆■ ❛♥❞ ♥♦t ❞✉r✐♥❣ t❤❡
✇❤♦❧❡ ②❡❛r✳ ❚❤✐s ✐s ✐♥ ❝♦♥tr❛st t♦ ♠② ♦❜s❡r✈❛t✐♦♥s ✐♥ ❧♦✇✲❛r❝t✐❝ t✉♥❞r❛✳ ■ ❢♦✉♥❞ t❤❛t
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ✐♥❝r❡❛s❡❞ t❤❡ ❛❧❜❡❞♦ str♦♥❣❧② ✐♥ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❣r♦✇✐♥❣
s❡❛s♦♥ ❜❡❢♦r❡ t❤❡ ❣r❡❡♥ s❡❞❣❡ ❧❡❛✈❡s ✇❡r❡ ❢✉❧❧② ❞❡✈❡❧♦♣❡❞✳
✶✵✷
✺✳✹ ❊✛❡❝t ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦♥ ♣❡r♠❛❢r♦st t❤❛✇
❚❛❜❧❡ ✺✳✶✿ ❘❡s✉❧ts ♦❢ t❤r❡❡ ❞❡str✉❝t✐✈❡ ❣r❡❡♥ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ❛♥❞ ❧❡❛❢
❜✐♦♠❛ss ♠❡❛s✉r❡♠❡♥ts ♦❢ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠❀ t❤❡ ❜✐♦♠❛ss ✇❛s ✇❡✐❣❤t❡❞ ❛❢t❡r
❛✐r ❞r②✐♥❣ t❤❡ ❧❡❛✈❡s ❢♦r ❛❜♦✉t ♦♥❡ ✇❡❡❦❀ ❣r❡❡♥ ❧❡❛✈❡s ✐♥❝❧✉❞❡ ❝✉❧♠s✳
P❧♦t ❇✐♦♠❛ss ✭gm−2✮ ❆r❡❛ ✐♥❞❡① ✭m2 m−2✮
●r❡❡♥ ❧❡❛✈❡s ❉❡❛❞ ❧❡❛✈❡s ●r❡❡♥ ❧❡❛✈❡s ❉❡❛❞ ❧❡❛✈❡s
✶ ✷✼✺ ✷✹✼ ✷✳✵ ✷✳✷
✷ ✾✼ ✽✾ ✵✳✼ ✵✳✽
✸ ✶✼✵ ✶✹✾ ✶✳✷ ✶✳✸
■♥ s✉♠♠❛r②✱ ✇♦♦❞ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ❛r❡ ✐♠♣♦rt❛♥t ❝♦♠♣♦♥❡♥ts ♦❢ t✉♥❞r❛
❝❛♥♦♣✐❡s ❛♥❞ s❤♦✉❧❞ r❡❝❡✐✈❡ ♠♦r❡ ❛tt❡♥t✐♦♥✳ ❈✉rr❡♥t❧②✱ ✜❡❧❞ ♦❜s❡r✈❛t✐♦♥s ♦❢ t❤❡s❡
t✇♦ ✈❛r✐❛❜❧❡s ❛r❡ ✈❡r② s❝❛r❝❡✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♣❛r❛♠❡tr✐s❛t✐♦♥s ✐♥ ❧❛♥❞ s✉r❢❛❝❡ ❛♥❞
❝❧✐♠❛t❡ ♠♦❞❡❧s ♦❢t❡♥ ✉s❡ ✈❡r② r♦✉❣❤ ❡st✐♠❛t❡s ♦❢ ✇♦♦❞ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛❢ ❛r❡❛✱
✇❤✐❝❤ ♣❛rt❧② ✇❡r❡ ♥♦t ✉♣❞❛t❡❞ s✐♥❝❡ t❤❡ ✶✾✽✵s✳
✺✳✹ ❊✛❡❝t ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦♥ ♣❡r♠❛❢r♦st t❤❛✇
❆s ✈❡❣❡t❛t✐♦♥ t②♣❡ ❛♥❞ str✉❝t✉r❡ ✐♥✢✉❡♥❝❡ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ✐t ❝❛♥ ❜❡ ❡①♣❡❝t❡❞
t❤❛t ✈❡❣❡t❛t✐♦♥ ❛❧s♦ ✐♥✢✉❡♥❝❡s t❤❡ ❛♠♦✉♥t ♦❢ ❡♥❡r❣② ✇❤✐❝❤ ✐s ✇❛r♠✐♥❣ ❛♥❞ t❤❛✇✐♥❣
t❤❡ s♦✐❧✳ ■t ❤❛s ❜❡❡♥ s❤♦✇♥ ✐♥ ❛ ♥✉♠❜❡r ♦❢ st✉❞✐❡s t❤❛t t❤❡ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss
✭❆▲❚✮ ❞✐✛❡rs ❛♠♦♥❣ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭❙❤✐❦❧♦♠❛♥♦✈ ❛♥❞ ◆❡❧s♦♥✱ ✶✾✾✾❀ ❆♥✐s✐♠♦✈
❡t ❛❧✳✱ ✷✵✵✷✮✳ ❋✉rt❤❡r♠♦r❡✱ ✈❡❣❡t❛t✐♦♥ ❞❡♥s✐t② ❛♥❞ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✭▲❆■✮ ✐♥✢✉❡♥❝❡
t❤❡ ❆▲❚ ✭❇❡♥♥✐♥❣❤♦✛ ✱ ✶✾✺✷❀ ❋✐s❤❡r ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❆❧t❤♦✉❣❤ ❛ ♥✉♠❜❡r ♦❢ st✉❞✐❡s
s✉❣❣❡st s♦✐❧ s❤❛❞✐♥❣ ❜② ✈❡❣❡t❛t✐♦♥ ❛s ✐♠♣♦rt❛♥t ❢❛❝t♦r ❢♦r s♦✐❧ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❆▲❚
✭❇❡♥♥✐♥❣❤♦✛ ✱ ✶✾✺✷❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✵❀ ❇r✐❣❣s ❡t ❛❧✳✱ ✷✵✶✹✮✱ ♠♦st st✉❞✐❡s ♦♥ ❆▲❚
❞✐str✐❜✉t✐♦♥ ❡✐t❤❡r ✉s❡ ✈❡❣❡t❛t✐♦♥ t②♣❡ ❛s ❛ ♣r♦①② ✭❙❤✐❦❧♦♠❛♥♦✈ ❛♥❞ ◆❡❧s♦♥✱ ✶✾✾✾❀
❆♥✐s✐♠♦✈ ❡t ❛❧✳✱ ✷✵✵✷❀ ❲❛❧❦❡r ❡t ❛❧✳✱ ✷✵✵✸❜❀ ❋✐s❤❡r ❡t ❛❧✳✱ ✷✵✶✻✮✱ ♦r ❞♦ ♥♦t ❝♦♥s✐❞❡r
s❤❛❞✐♥❣ ❛t ❛❧❧ ✭❍✐♥❦❡❧ ❛♥❞ ◆❡❧s♦♥✱ ✷✵✵✸❀ ●✉❛♥ ❡t ❛❧✳✱ ✷✵✶✵✮✳
❉✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s
■♥ t❤✐s st✉❞②✱ ■ ♠❡❛s✉r❡❞ s♦✐❧ t❡♠♣❡r❛t✉r❡✱ s♦✐❧ ❤❡❛t ✢✉①✱ ❛♥❞ ❆▲❚ ✐♥ t❤❡ ✜❡❧❞
❜❡❧♦✇ t✇♦ ❝♦♥tr❛st✐♥❣ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s ✭❈❤❛♣t❡r ✷✮✳
❲❤✐❧❡ ❛✈❡r❛❣❡ ❣r♦✇✐♥❣ s❡❛s♦♥ s♦✐❧ t❡♠♣❡r❛t✉r❡ ❛t 4 cm ❞❡♣t❤ ✇❛s ❛❧♠♦st ✐❞❡♥t✐❝❛❧✱
t❤❡ ❞✐❡❧ ❝②❝❧❡ ✇❛s ❧❡ss ♣r♦♥♦✉♥❝❡❞ ❜❡❧♦✇ ✇❡t s❡❞❣❡s ❛s ❝♦♠♣❛r❡❞ t♦ ❞✇❛r❢ s❤r✉❜s
✭❋✐❣✉r❡ ✺✳✽❛✮✳ ❚❤❡ ❞❛♠♣❡❞ ❞✐❡❧ ❝②❝❧❡ ❜❡❧♦✇ ✇❡t s❡❞❣❡s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡
❞✐✛❡r❡♥t s♦✐❧ ♣r♦♣❡rt✐❡s✳ ❚❤❡ s♦✐❧ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✇❛s ✜✈❡ t✐♠❡s ❤✐❣❤❡r ✐♥
t❤❡ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡ s♦✐❧ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ♣❡❛t t♦♣✲s♦✐❧ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s
✭P❛❣❡ ✷✸✮✳ ❚❤✉s t❤❡ ❡♥❡r❣② ✇❛s tr❛♥s♣♦rt❡❞ ❞♦✇♥✇❛r❞s ❢❛st❡r ❜❡❧♦✇ ✇❡t s❡❞❣❡s✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❤❡❛t ❝❛♣❛❝✐t② ✇❛s ♠♦r❡ t❤❛♥ s✐① t✐♠❡s ❤✐❣❤❡r ❜❡❧♦✇ ✇❡t s❡❞❣❡s
t❤❛♥ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s✱ ♠❡❛♥✐♥❣ t❤❛t ✐t t♦♦❦ ♠♦r❡ ❡♥❡r❣② t♦ ❤❡❛t t❤❡ s❡❞❣❡ s♦✐❧✳
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❋✐❣✉r❡ ✺✳✽✿ ✭❛✮ ❍♦✉r❧② ♠❡❛♥ ✈❛❧✉❡s ♦❢ ❣r♦✇✐♥❣ s❡❛s♦♥ s♦✐❧ t❡♠♣❡r❛t✉r❡ ✭❚✮ ❛t 4 cm
❞❡♣t❤ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉① ✭❍❋✮ ❛t 10 cm ❞❡♣t❤ ❜❡❧♦✇ ❞✇❛r❢ s❤r✉❜s ✭❇❡t✉❧❛ ♥❛♥❛✮ ❛♥❞
✇❡t s❡❞❣❡s ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮❀ s♦❧❛r ♥♦♦♥ ✐s ❛t ✶✹✿✵✵ ❧♦❝❛❧ t✐♠❡ ❛♥❞ ✭❜✮ ❞✐❡❧
♠❡❛♥ ✈❛❧✉❡s ♦✈❡r t❤❡ ✇❤♦❧❡ ♠❡❛s✉r❡♠❡♥t ♣❡r✐♦❞❀ ❞❛t❡ ♦❢ s♥♦✇♠❡❧t ✭❙▼✮ ✐♥ ✷✵✶✹ ✐♥❞✐✲
❝❛t❡❞ ❢♦r ❜♦t❤ ✈❡❣❡t❛t✐♦♥ t②♣❡s✳
✶✵✹
✺✳✹ ❊✛❡❝t ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦♥ ♣❡r♠❛❢r♦st t❤❛✇
❆❧t❤♦✉❣❤ t❤❡ ❛✈❡r❛❣❡ t♦♣✲s♦✐❧ t❡♠♣❡r❛t✉r❡ ✇❛s s✐♠✐❧❛r ❢♦r ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t
s❡❞❣❡s✱ t❤❡ s♦✐❧ ❤❡❛t ✢✉① ✇❛s ❝♦♥s✐st❡♥t❧② ❤✐❣❤❡r ❜❡❧♦✇ ✇❡t s❡❞❣❡s ✭❋✐❣✉r❡ ✺✳✽❜✮✳
❚❤❡r❡❢♦r❡✱ t❤❡ ♦❜s❡r✈❡❞ ❞✐✛❡r❡♥❝❡ ✐♥ s♦✐❧ ❤❡❛t ✢✉① ❝♦✉❧❞ ♥♦t ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡
❛❧❜❡❞♦ ♦r tr❛♥s♠✐tt❛♥❝❡ ♦❢ t❤❡ t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✭❈❤❛♣t❡r ✷✮✳
❆s s♦✐❧ ♣r♦♣❡rt✐❡s ❞♦♠✐♥❛t❡ s♦✐❧ ❤❡❛t ✢✉① ❛♥❞ ❆▲❚ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❞✇❛r❢
s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s✱ ✐t ♠❛② ❜❡ ♠♦r❡ ♣r♦♠✐s✐♥❣ t♦ st✉❞② t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
✐♥✢✉❡♥❝❡ ❜❛s❡❞ ♦♥ ✈❛r✐❛t✐♦♥ ✇✐t❤✐♥ ✈❡❣❡t❛t✐♦♥ t②♣❡✳ ❲✐t❤✐♥ ♦♥❡ t②♣❡✱ t❤❡ s♦✐❧ ✐s ❧❡ss
✈❛r✐❛❜❧❡ t❤❛♥ ❜❡t✇❡❡♥ t②♣❡s✳ ❍♦✇❡✈❡r✱ ❛❧s♦ ✇✐t❤✐♥ t②♣❡✱ t❤❡ ❆▲❚ ✇❛s ♥♦t r❡❞✉❝❡❞
❜❡❧♦✇ t❛❧❧ ❛♥❞ ❞❡♥s❡ ✈❡❣❡t❛t✐♦♥ ✭❋✐❣✉r❡ ✺✳✾❛✱❜✮✳ ◆❡✐t❤❡r ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡✱ ♥♦r
r❡✢❡❝t❛♥❝❡ ✇❡r❡ r❡❧❛t❡❞ t♦ ❆▲❚ ❛♠♦♥❣ ♣❧♦ts ♦❢ ❞✇❛r❢ s❤r✉❜s ♦r ✇❡t s❡❞❣❡s ❛t t❤❡
❡♥❞ ♦❢ t❤❡ ❣r♦✇✐♥❣ s❡❛s♦♥ ✭❋✐❣✉r❡ ✺✳✾❝✱❞✮✳ ❚❤✉s ■ ❝♦♥❝❧✉❞❡❞ t❤❛t ❢♦r ❞✇❛r❢ s❤r✉❜s
❛♥❞ ✇❡t s❡❞❣❡s✱ s♦✐❧ ♠♦✐st✉r❡ ❛♥❞ s♦✐❧ ♣r♦♣❡rt✐❡s ❛r❡ ♠♦r❡ ✐♠♣♦rt❛♥t ❞r✐✈❡rs ♦❢
♣❡r♠❛❢r♦st t❤❛✇ t❤❛♥ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s✱ ❛❧❜❡❞♦✱ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡✳
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❋✐❣✉r❡ ✺✳✾✿ ❊♥❞ ♦❢ ❣r♦✇✐♥❣ s❡❛s♦♥ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ✭❆▲❚✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✭❛✮
♣❧❛♥t ❛r❡❛ ✐♥❞❡① ✭P❆■✮✱ ✭❜✮ ❝❛♥♦♣② ❤❡✐❣❤t ✐♥ ❝♠✱ ✭❝✮ tr❛♥s♠✐tt❛♥❝❡ ✭400✕700 nm✮ ❛♥❞
✭❞✮ ♥❛❞✐r r❡✢❡❝t❛♥❝❡ ✭400✕950 nm✮ ♦❢ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s✳
❆❧❧ ♠❛❥♦r ✈❡❣❡t❛t✐♦♥ t②♣❡s
❚❤❡ ❛♥❛❧②s✐s ♦❢ t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇❛s ❡①t❡♥❞❡❞ t♦ ❛❧❧ ♠❛❥♦r ✈❡❣❡t❛t✐♦♥ t②♣❡s
✉s✐♥❣ t❤❡ ❞❛t❛ ❛♥❞ ♠♦❞❡❧❧✐♥❣ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✹✳ ❋✉rt❤❡r♠♦r❡✱ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r
♠♦❞❡❧❧✐♥❣ ❡♥❛❜❧❡❞ ♠❡ t♦ ✐♥❝❧✉❞❡ ❜❛❝❦❣r♦✉♥❞ ❛❧❜❡❞♦ ❛♥❞ ❝♦♠♣✉t❡ t❤❡ t♦t❛❧ ❛♠♦✉♥t
♦❢ s♦❧❛r ❡♥❡r❣② ❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞✳ ■ ❢♦✉♥❞ t❤❛t ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ❛♥❞
✇❛t❡r ❝♦✈❡r s✐❣♥✐✜❝❛♥t❧② ✐♥✢✉❡♥❝❡❞ t❤❡ ❛✈❡r❛❣❡ ❛♠♦✉♥t ♦❢ s♦❧❛r r❛❞✐❛t✐♦♥ ✇❤✐❝❤ ✇❛s
❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ✭❚❛❜❧❡ ✺✳✷✱ ♠❡t❤♦❞ ❛s ✐♥ ❙❡❝t✐♦♥ ✹✳✷✳✼✮✳ ❚❤❡ ✐♥✢✉❡♥❝❡
♦❢ t❤❡ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② s♦✐❧ s❤❛❞✐♥❣ ❛s ❞✐s❝✉ss❡❞ ✐♥ ❈❤❛♣t❡r ✹✳
❚❤❡ ✇❛t❡r ❝♦✈❡r ❛❞❞✐t✐♦♥❛❧❧② ♣❧❛②❡❞ ❛ r♦❧❡ ❜❡❝❛✉s❡ ✇❛t❡r s✉r❢❛❝❡s ❛♥❞ ✇❛t❡r❧♦❣❣❡❞
s❡❞❣❡s ❤❛❞ ❛ ✈❡r② ❧♦✇ ❜❛❝❦❣r♦✉♥❞ ❛❧❜❡❞♦✳ ❚❤✉s✱ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❛❜s♦r❜❡❞ ❛ ❣r❡❛t❡r
❢r❛❝t✐♦♥ ♦❢ t❤❡ tr❛♥s♠✐tt❡❞ r❛❞✐❛t✐♦♥✳ P♦t❡♥t✐❛❧ ❡✛❡❝ts ♦❢ s❤r✉❜ ❝♦✈❡r ♦r t❤❡ ❛✈❡r❛❣❡
♣❛t❝❤ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ ✇❡r❡ ♥♦t s✐❣♥✐✜❝❛♥t ✭❚❛❜❧❡ ✺✳✷✱ ❋✐❣✉r❡ ✺✳✶✵✮✳
✶✵✺
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❚❛❜❧❡ ✺✳✷✿ ❙✐♠✉❧❛t❡❞ ❡✛❡❝t ♦❢ tr❛♥s❡❝t ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞
❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ❡①♣r❡ss❡❞ ❛s ❆◆❖❱❆ r❡s✉❧ts❀ ✇❛t❡r ❝♦✈❡r ✐♥❝❧✉❞❡s ✇❛t❡r❧♦❣❣❡❞
s❡❞❣❡s ✭❲✷✲✹✮✳ ❊❛❝❤ ❝❤❛r❛❝t❡r✐st✐❝ t❛❦❡s ♦♥❡ ♦❢ ✷✵ ❞❡❣r❡❡s ♦❢ ❢r❡❡❞♦♠ ✭❞❢✮❀ ✯✯✯ P ≤
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❋✐❣✉r❡ ✺✳✶✵✿ ▼♦❞❡❧❧❡❞ ❢r❛❝t✐♦♥ ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞
❞❡♣❡♥❞✐♥❣ ♦♥ tr❛♥s❡❝t ✭❛✮ s❤r✉❜ ❝♦✈❡r ✭❙✶✲✶✮✱ ✭❜✮ ❝♦♠❜✐♥❡❞ ❝♦✈❡r ♦❢ ✇❛t❡r ❛♥❞ ✇❛✲
t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮✱ ✭❝✮ ♣❧❛♥t ❛r❡❛ ✐♥❞❡① ✭P❆■✮✱ ❛♥❞ ✭❞✮ ❛✈❡r❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝
❧❡♥❣t❤❀ r❡❣r❡ss✐♦♥ ❧✐♥❡s ❛r❡ ✐♥❝❧✉❞❡❞ ❢♦r ❞❛t❛ ✇✐t❤ R2 > 0.25✳
❊✈❡♥ t❤r♦✉❣❤ ❝❛♥♦♣② str✉❝t✉r❡ ❛♥❞ ❜❛❝❦❣r♦✉♥❞ ✇❡r❡ ✈❡r② ❞✐✛❡r❡♥t ❢♦r ❞✇❛r❢ ❜✐r❝❤
✭❙✶✲✶✮ ❛♥❞ ✇❡t s❡❞❣❡s ✭❲✷✲✶✮✱ t❤❡ ❛♠♦✉♥t ♦❢ ❡♥❡r❣② ❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞
✇❛s s✐♠✐❧❛r ✭❋✐❣✉r❡ ✺✳✶✶✮✳ ❚❤✉s✱ t❤❡ ♠♦❞❡❧ r❡s✉❧ts ❛❣r❡❡❞ ✇❡❧❧ ✇✐t❤ t❤❡ ♦❜s❡r✈❛t✐♦♥s
✐♥ t❤❡ ✜❡❧❞ ✭❈❤❛♣t❡r ✷✮✳ ❍♦✇❡✈❡r✱ ♦t❤❡r ✈❡❣❡t❛t✐♦♥ t②♣❡s s❤♦✇❡❞ ✈❡r② ❞✐✛❡r❡♥t
✈❛❧✉❡s✳ ❲❤✐❧❡ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s ✇❡r❡ t❤❡ t✇♦ t②♣❡s ✇✐t❤ t❤❡ ❧♦✇❡st
❛♠♦✉♥t ♦❢ r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❤✐❣❤ ♣❧❛♥t ❛r❡❛
✐♥❞❡①✱ ✈❡❣❡t❛t✐♦♥ t②♣❡s ✇✐t❤ ❧❡ss ❞❡♥s❡ ❝❛♥♦♣✐❡s ❢♦st❡r❡❞ ❛ ❤✐❣❤❡r ❡♥❡r❣② ✢✉① t♦ t❤❡
❜❛❝❦❣r♦✉♥❞ ✭❋✐❣✉r❡ ✺✳✶✶✮✳ ❇❡❧♦✇ t❤❡ t❤r❡❡ t②♣❡s ✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ s✐♠✉❧❛t❡❞ ✇✐t❤✲
♦✉t ❝❛♥♦♣② ✭❧✐❝❤❡♥✲r✐❝❤ s❤r✉❜s ❙✶✲✷✱ ♣❡❛t ♠♦ss ❲✷✲✸✱ ❛♥❞ ✇❛t❡r✮✱ t❤❡ ❜❛❝❦❣r♦✉♥❞
❛❜s♦r❜❡❞ ❡✈❡r②t❤✐♥❣ t❤❛t ✇❛s ♥♦t r❡✢❡❝t❡❞✳
❚❤❡ ❜❛❝❦❣r♦✉♥❞ ✐♥ t❤❡ ❉❆❘❚ s✐♠✉❧❛t✐♦♥s ✐♥❝❧✉❞❡❞ ♥♦t ♦♥❧② s♦✐❧ ❜✉t ❛❧s♦ ❝r②♣✲
t♦❣❛♠s ❛♥❞ ♣❧❛♥ts ♦❢ < 5 cm ❤❡✐❣❤t✳ ❚❤✉s✱ t❤❡ r❛❞✐❛t✐♦♥ t❤❛t ✇❛s ❛❜s♦r❜❡❞ ❜②
t❤❡ ❜❛❝❦❣r♦✉♥❞ ❞✐❞ ♥♦t ♥❡❝❡ss❛r✐❧② r❡❛❝❤ t❤❡ s♦✐❧✳ ❈r②♣t♦❣❛♠s ❝❛♥ ✐♥s✉❧❛t❡ t❤❡ s♦✐❧
❛♥❞ r❡❞✉❝❡ t❤❡ s♦✐❧ ❤❡❛t ✢✉① ✭❇❡r✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✶❀ ❇❧♦❦ ❡t ❛❧✳✱ ✷✵✶✶❛✮✳ ❋✉rt❤❡r✲
✶✵✻
✺✳✺ ❖✉t❧♦♦❦ ❛♥❞ ✐♠♣❧✐❝❛t✐♦♥s
❚✉
ss♦
❝❦
s❡
❞❣
❡
❉✇
❛r
❢ s
❤r
✉❜
▲✐
❝❤
❡♥
✲r✐
❝❤
s❤
r✉
❜
❲
❡t
s❡
❞❣
❡
❉r
②
s❡
❞❣
❡
P❡
❛t
♠
♦s
s
❲
❛t
❡r
❧♦❣
❣❡
❞
s❡
❞❣
❡
❲
❛t
❡r
0
0.2
0.4
0.6
0.8
1
1.2
1.4
❆
❜
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❝❡
❋✐❣✉r❡ ✺✳✶✶✿ ▼♦❞❡❧❧❡❞ ❢r❛❝t✐♦♥ ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ❢♦r
❛❧❧ ❝❡❧❧s ♦❢ ❛❧❧ tr❛♥s❡❝ts ✭❝♦♠♣❛r❡ ❋✐❣✉r❡ ✹✳✼✮✳
♠♦r❡✱ s♣❡❝✐✜❝ s♦✐❧ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❡❛❝❤ ✈❡❣❡t❛t✐♦♥ t②♣❡ ❛♥❞
str♦♥❣❧② ❛✛❡❝t t❤❡ s♦✐❧ ❤❡❛t ✢✉① ✭❈❤❛♣t❡r ✷✮✳ ❍♦✇❡✈❡r✱ t❤❡ ❛♠♦✉♥t ♦❢ s❤♦rt✇❛✈❡
r❛❞✐❛t✐♦♥ ❛❜s♦r❜❡❞ ❜② t❤❡ ❜❛❝❦❣r♦✉♥❞ ❞✐✛❡rs s✉❜st❛♥t✐❛❧❧② ❛♠♦♥❣ t❤❡ ✈❡❣❡t❛t✐♦♥
t②♣❡s✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ❧✐❦❡❧② t❤❛t t❤❡ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ✐s ❛✛❡❝t❡❞ ❜② t❤❡ s❤♦rt✲
✇❛✈❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✳
✺✳✺ ❖✉t❧♦♦❦ ❛♥❞ ✐♠♣❧✐❝❛t✐♦♥s
■♥ ❝❤❛♣t❡rs ✷✕✺ ♦❢ t❤✐s t❤❡s✐s✱ ■ q✉❛♥t✐✜❡❞ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ✈❡❣❡t❛t✐♦♥ ❝♦♠♣♦s✐t✐♦♥
❛♥❞ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ♦♥ t❤❡ t✉♥❞r❛ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✳ ❚❤❡ r❛♥❣❡ ♦❢ ❢❛❝t♦rs st✉❞✐❡❞
✐♥ t❤❡ s✐♥❣❧❡ ❝❤❛♣t❡rs ❧❡❞ t♦ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ✐♠♣♦rt❛♥t ❞r✐✈❡rs ❛♥❞ ❧✐♠✐t❛t✐♦♥s ♦❢
t❤❡ ❝✉rr❡♥t ✉♥❞❡rst❛♥❞✐♥❣✱ t❤❡r❡❜② ❡①♣❛♥❞✐♥❣ t❤❡ ❢♦❝✉s ❢r♦♠ ✈❡❣❡t❛t✐♦♥ t♦ s✉r❢❛❝❡
✇❛t❡r ❛♥❞ s♦✐❧✳
▲✐♠✐t❛t✐♦♥s ❛♥❞ s✉❣❣❡st✐♦♥s ❢♦r ❢✉rt❤❡r r❡s❡❛r❝❤
■♥ t❤✐s t❤❡s✐s✱ ■ ♣r❡s❡♥t❡❞ ❡①t❡♥s✐✈❡ ✜❡❧❞ ❞❛t❛ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ❞✇❛r❢ s❤r✉❜s
❛♥❞ ✇❡t s❡❞❣❡s✳ ❚❤❡s❡ t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛r❡ ✐♠♣♦rt❛♥t ❛s t❤❡② ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥
♠❛♥② ❆r❝t✐❝ ❛r❡❛s ❛♥❞ ♠❛② ❡①♣❛♥❞ ✐♥ t❤❡ ❢✉t✉r❡ ❞✉❡ t♦ ❝❧✐♠❛t❡ ✇❛r♠✐♥❣ ❛♥❞ ❝❤❛♥❣❡s
✐♥ t❤❡ ✇❛t❡r ❝②❝❧❡✳ ❍♦✇❡✈❡r✱ ❞✇❛r❢ s❤r✉❜s ❛♥❞ ✇❡t s❡❞❣❡s ❝✉rr❡♥t❧② ❝♦✈❡r ♦♥❧②
❛❜♦✉t ✷✺✪ ♦❢ t❤❡ ❑②t❛❧②❦ r❡s❡❛r❝❤ s✐t❡✳ ❋✉rt❤❡r♠♦r❡✱ ❛❧❜❡❞♦✱ tr❛♥s♠✐tt❛♥❝❡✱ ❛♥❞
♥❡t r❛❞✐❛t✐♦♥ ♦❢ t❤❡s❡ t✇♦ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛r❡ r❛t❤❡r s✐♠✐❧❛r✱ ✇❤✐❧❡ ♦t❤❡r ✈❡❣❡t❛t✐♦♥
t②♣❡s s✉❝❤ ❛s ♣❡❛t ♠♦ss ✭❙♣❤❛❣♥✉♠ s♣♣✳✮ ❤❛✈❡ s✉❜st❛♥t✐❛❧❧② ❞✐✛❡r❡♥t ❝❛♥♦♣② ❛❧❜❡❞♦
✶✵✼
✺ ●❡♥❡r❛❧ ❞✐s❝✉ss✐♦♥
✈❛❧✉❡s✳ ❚❤✉s ♠② r❡s❡❛r❝❤ q✉❡st✐♦♥ ✶ s❤♦✉❧❞ ❜❡ ❡①t❡♥❞❡❞ t♦ ❛❧❧ ♠❛❥♦r ✈❡❣❡t❛t✐♦♥
t②♣❡s t♦ ❛♥s✇❡r t❤❡ q✉❡st✐♦♥ ♦❢ ❤♦✇ ✈❡❣❡t❛t✐♦♥ ✐♥✢✉❡♥❝❡s t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✳
❲❤✐❧❡ ■ ✐♥❝❧✉❞❡❞ ❛❧❧ ♠❛❥♦r ✈❡❣❡t❛t✐♦♥ t②♣❡s ✐♥ ♠② st✉❞② ♦❢ t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡
r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ❞❡t❛✐❧❡❞ ✜❡❧❞ ❞❛t❛ ❛r❡ ❝✉rr❡♥t❧② ❧❛❝❦✐♥❣ ✇❤✐❝❤ ❝♦✉❧❞ s❤❡❞ ❧✐❣❤t
♦♥ t❤❡ t❡♠♣♦r❛❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛♥❞ t❤❡ s♥♦✇♠❡❧t t✐♠✐♥❣ ♦❢ ❛❧❧
✈❡❣❡t❛t✐♦♥ t②♣❡s✳ ❋✉rt❤❡r♠♦r❡✱ ❧♦♥❣❡r t✐♠❡ s❡r✐❡s ✇♦✉❧❞ ❜❡ ♠♦r❡ ✐♥❢♦r♠❛t✐✈❡ ❛s
■ ❢♦✉♥❞ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❞r② ❣r♦✇✐♥❣ s❡❛s♦♥ ✷✵✶✸ ❛♥❞ t❤❡ ✇❡tt❡r ❣r♦✇✐♥❣
s❡❛s♦♥ ✷✵✶✹✳ ❆s ❧♦♥❣✲t❡r♠ ❝❤❛♥❣❡s ✐♥ t❤❡ s✉r❢❛❝❡ ♠♦✐st✉r❡ ❛r❡ ❧✐❦❡❧② ❞✉❡ t♦ ❝❧✐♠❛t❡
❝❤❛♥❣❡✱ t❤❡ q✉❡st✐♦♥ ❛r✐s❡s✱ ❤♦✇ s♦✐❧ ♠♦✐st✉r❡ ❛♥❞ ✇❛t❡r ❧❡✈❡❧ ✐♥✢✉❡♥❝❡ t❤❡ r❛❞✐❛t✐♦♥
❜✉❞❣❡t✳
■ ❢♦✉♥❞ t❤❛t ❞✐✛❡r❡♥t s♦✐❧ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s
♣❧❛②❡❞ ❛ ♠❛❥♦r ♣❛rt ✐♥ t❤❡ s♦✐❧ ❤❡❛t ✢✉①✳ ❙♦✐❧ ♣r♦♣❡rt✐❡s ❝♦♥❝❡❛❧❡❞ t❤❡ ❡✛❡❝t ♦❢ t❤❡
❝❛♥♦♣② r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦♥ t❤❡ s♦✐❧ ❤❡❛t ✢✉①✳ ❋✐❡❧❞ ♠❡❛s✉r❡♠❡♥ts ♦♥ ♠♦r❡ ✈❡❣❡t❛✲
t✐♦♥ t②♣❡s ✐♥❝❧✉❞✐♥❣ ❛ r❛♥❣❡ ♦❢ s♦✐❧ ♠♦✐st✉r❡ ❝♦♥❞✐t✐♦♥s ❢♦r ❡❛❝❤ t②♣❡ ❝♦✉❧❞ ❤❡❧♣ t♦
❜❡tt❡r ❛♥s✇❡r t❤❡ q✉❡st✐♦♥ ♦❢ ❤♦✇ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ✐♥✢✉❡♥❝❡s ♣❡r♠❛❢r♦st t❤❛✇✳
❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts s❤♦✉❧❞ ❛❧s♦ ✐♥❝❧✉❞❡ t❤❡ t❡♠♣♦r❛❧ ✈❛r✐❛t✐♦♥ ♦❢ s♦✐❧ t❤❡r♠❛❧ ♣r♦♣✲
❡rt✐❡s ❛s t❤❡s❡ ❛r❡ ❛ ❝r✐t✐❝❛❧ ❧✐♥❦ ❜❡t✇❡❡♥ s✉r❢❛❝❡ ✢✉①❡s ❛♥❞ ♣❡r♠❛❢r♦st ❝♦♥❞✐t✐♦♥s✳
❆❞❞✐t✐♦♥❛❧❧②✱ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ t✉r❜✉❧❡♥t ❤❡❛t ✢✉①❡s ✇♦✉❧❞ ❜❡ ❜❡♥❡✜❝✐❛❧ ❜❡❝❛✉s❡
t❤❡ ❡♥❡r❣② ♣❛rt✐t✐♦♥✐♥❣ ✐♥t♦ ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❛♥❞ s❡♥s✐❜❧❡ ❤❡❛t ♠❛② ❝❤❛♥❣❡ ✐♥ ❛
❢✉t✉r❡ ❝❧✐♠❛t❡✱ ❡s♣❡❝✐❛❧❧② ✐❢ t❤❡ s♦✐❧ ♠♦✐st✉r❡ ❝❤❛♥❣❡s✳
❈❛♥♦♣② ♣r♦♣❡rt✐❡s✱ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ ✇♦♦❞② ♣❛rts✱ str♦♥❣❧② ❛✛❡❝t t❤❡ s❤♦rt✇❛✈❡
r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ ❞✇❛r❢ s❤r✉❜ ❝❛♥♦♣✐❡s✳ ❚❤✉s✱ ❛♥ ✐♠♣♦rt❛♥t r❡s❡❛r❝❤ ❣♦❛❧ ❢♦r
❢✉rt❤❡r st✉❞✐❡s ✇♦✉❧❞ ❜❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ✇♦♦❞ ❛r❡❛ ✐♥❞❡① ✐♥
❛❞❞✐t✐♦♥ t♦ ❧❡❛❢ ❛r❡❛ ✐♥❞❡① ✐♥ ❆r❝t✐❝ t✉♥❞r❛✳ ❋✉rt❤❡r♠♦r❡✱ ✐t s❤♦✉❧❞ ❜❡ ✐♥✈❡st✐❣❛t❡❞
✐❢ t❤❡ ❝✉rr❡♥t❧② ♦❜s❡r✈❡❞ s❤r✉❜ ♣r♦❧✐❢❡r❛t✐♦♥ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❝❤❛♥❣❡s ✐♥ t❤❡ ❧❡❛❢
t♦ ✇♦♦❞ r❛t✐♦✳
❱❡❣❡t❛t✐♦♥ ❛♥❞ ✇❛t❡r ❢r❛❝t✐♦♥❛❧ ❝♦✈❡r s✐❣♥✐✜❝❛♥t❧② ✐♥✢✉❡♥❝❡ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐✲
❛t✐♦♥ ❜✉❞❣❡t✳ ▼② r❡s✉❧ts ♦♥ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ♦❢ s✐♥❣❧❡ ✈❡❣❡t❛t✐♦♥ t②♣❡s ❛♥❞
t❤❡ ♠♦st ✐♥✢✉❡♥t✐❛❧ ❝❛♥♦♣② ❝❤❛r❛❝t❡r✐st✐❝s ❝♦✉❧❞ ❜❡ ❡①t❡♥❞❡❞ t♦ ❧❛r❣❡r s❝❛❧❡ ❡①tr❛♣✲
♦❧❛t✐♦♥s ♦❢ ❡♥❡r❣② ✢✉①❡s ❜❛s❡❞ ♦♥ ✈❡❣❡t❛t✐♦♥ ♠❛♣♣✐♥❣✳ ❲❤✐❧❡ ■ s✉❣❣❡st❡❞ ❛ ❝♦♠✲
♣r❡❤❡♥s✐✈❡ s❡t ♦❢ ❡✐❣❤t ✈❡❣❡t❛t✐♦♥ t②♣❡s ❜❛s❡❞ ♦♥ s♣❡❝✐❡s ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❝❛♥♦♣②
str✉❝t✉r❡✱ ♥♦t ❛❧❧ ♦❢ t❤❡♠ ❝♦✉❧❞ ❜❡ ♠❛♣♣❡❞ ✇✐t❤ s✉✣❝✐❡♥t ❛❝❝✉r❛❝②✳ ❚❤✉s ♠♦r❡ ❛❝✲
❝✉r❛t❡ ♠❛♣♣✐♥❣ s❤♦✉❧❞ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ ❢✉t✉r❡ ✇♦r❦✳ ❙✉❝❤ ❧❛♥❞❝♦✈❡r ♠❛♣s ❝♦♠❜✐♥❡❞
✇✐t❤ ❞❛t❛ ♦♥ ❡❛❝❤ ✈❡❣❡t❛t✐♦♥ t②♣❡ ✇♦✉❧❞ ❡♥❛❜❧❡ ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ r❛❞✐❛t✐♦♥ ✢✉①❡s
❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡✳ ❚❤✐s ✇♦✉❧❞ r❡❞✉❝❡ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ ❤♦✇ ♠✉❝❤ ❛❧❜❡❞♦✱
s♦✐❧ s❤❛❞✐♥❣✱ ❛♥❞ ♥❡t r❛❞✐❛t✐♦♥ ♠❛② ❝❤❛♥❣❡ ✐♥ r❡s♣♦♥s❡ t♦ ✈❡❣❡t❛t✐♦♥ ❝❤❛♥❣❡ ✐♥ ❛
✇❛r♠❡r ❆r❝t✐❝✳
✶✵✽
✺✳✻ ❈♦♥❝❧✉s✐♦♥s
■♠♣❧✐❝❛t✐♦♥s ❢♦r st✉❞✐❡s ♦❢ ❧❛r❣❡ s❝❛❧❡ ✢✉①❡s
■♥ t❤✐s st✉❞②✱ ■ str❡ss ❞✐✛❡r❡♥t ❛s♣❡❝ts ♦❢ t❤❡ ❞✐✈❡rs❡ ✐♥t❡r❛❝t✐♦♥s ❛♠♦♥❣ t✉♥❞r❛
✈❡❣❡t❛t✐♦♥✱ t❤❡ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ❛♥❞ ♣❡r♠❛❢r♦st t❤❛✇✳ ❚❤✉s✱ t❤❡ ♠♦st ✐♠♣♦rt❛♥t
✐♠♣❧✐❝❛t✐♦♥ ♦❢ ♠② ✇♦r❦ ✐s t❤❡ ♥❡❡❞ t♦ q✉❛♥t✐❢② t❤❡ ❞❡t❛✐❧s ❛♥❞ st♦♣ tr❡❛t✐♥❣ t✉♥❞r❛
❛s ❛ s✐♥❣❧❡✱ ❤♦♠♦❣❡♥❡♦✉s ❧❛♥❞❝♦✈❡r ❝❧❛ss✳ ❚❤✐s ✐s ♣❛rt✐❝✉❧❛r❧② ✐♠♣♦rt❛♥t ❢♦r ❣❧♦❜❛❧
❧❛♥❞ s✉r❢❛❝❡ ❛♥❞ ❝❧✐♠❛t❡ ♠♦❞❡❧❧✐♥❣✱ ✇❤✐❝❤ ❝✉rr❡♥t❧② ♦❢t❡♥ ❞♦ ♥♦t ❝♦♥s✐❞❡r t❤❡ ✈❡❣✲
❡t❛t✐♦♥ ✈❛r✐❛❜✐❧✐t② ♦❢ t✉♥❞r❛ ❛r❡❛s✳ ■♥ t❤✐s r❡s♣❡❝t✱ ♠② ✇♦r❦ ❡♠♣❤❛s✐s❡s t❤❡ ♥❡❡❞
t♦ ✐♥❝♦r♣♦r❛t❡ t❤r❡❡ ♠❛✐♥ ❛ttr✐❜✉t❡s ✐♥t♦ ♠♦❞❡❧s ♦❢ t✉♥❞r❛ ❡♥❡r❣② ✢✉①❡s✱ ✭■✮ t❤❡
❢r❛❝t✐♦♥❛❧ ❝♦✈❡r ♦❢ ✇❛t❡r✱ ✭■■✮ t❤❡ t♦t❛❧ ♣❧❛♥t ❛r❡❛ ✐♥❝❧✉❞✐♥❣ ✇♦♦❞ ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞
❧❡❛✈❡s ❛s s❡♣❛r❛t❡ ❝♦♠♣♦♥❡♥ts✱ ❛♥❞ ✭■■■✮ t❤❡ s♦✐❧ ✇❛t❡r ❝♦♥t❡♥t ❛♥❞ s♦✐❧ ♣r♦♣❡rt✐❡s
✇❤✐❝❤ ♣❧❛② ❛ ❝r✐t✐❝❛❧ r♦❧❡ ✐♥ ♣❡r♠❛❢r♦st t❤❛✇✳ ❆s ❧❛r❣❡ s❝❛❧❡ ❡st✐♠❛t❡s ♦❢ t❤❡s❡ t❤r❡❡
❛ttr✐❜✉t❡s ❛r❡ ♥♦t ❝✉rr❡♥t❧② ❛✈❛✐❧❛❜❧❡✱ ♠♦r❡ ❡✛♦rt ✐s ♥❡❡❞❡❞ t♦ ❝♦♠❜✐♥❡ ✜❡❧❞ ❞❛t❛
❛♥❞ ❤✐❣❤ r❡s♦❧✉t✐♦♥ s❛t❡❧❧✐t❡ ✐♠❛❣❡r② t♦ ♦❜t❛✐♥ s♣❛t✐❛❧❧② r❡s♦❧✈❡❞ ❞❛t❛✳ ❆❞❞✐t✐♦♥✲
❛❧❧②✱ ✇❛t❡r ❝♦✈❡r✱ ♣❧❛♥t ❛r❡❛ ✐♥❞❡①✱ ❛♥❞ s♦✐❧ ♣r♦♣❡rt✐❡s ✈❛r② t❡♠♣♦r❛❧❧② ❞✉r✐♥❣ t❤❡
s✉♠♠❡r ❛♥❞ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ②❡❛rs✳ ❚❤✉s✱ ❛ ♠✉❧t✐✲t❡♠♣♦r❛❧ ❞❛t❛ s❡t ✐s ♥❡❡❞❡❞ t♦
❛❞❡q✉❛t❡❧② ❞❡s❝r✐❜❡ t❤❡s❡ ❞r✐✈❡rs ♦❢ t❤❡ ❡♥❡r❣② ❜✉❞❣❡t✳
❲❤✐❧❡ t❤❡ t✉♥❞r❛ r❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛t t❤❡ ❧❛♥❞s❝❛♣❡ s❝❛❧❡ ✐s ♠♦st s❡♥s✐t✐✈❡ t♦ ❧❛♥❞
❝♦✈❡r ❛♥❞ ♣❧❛♥t ❛r❡❛ ✐♥❞❡①✱ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ ✐♥❞✐❝❛t❡s s✉❜st❛♥t✐❛❧
❧♦❝❛❧ ✈❛r✐❛❜✐❧✐t② ❞✉❡ t♦ ✈❛r✐❛t✐♦♥s ✐♥ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s ❛♥❞ ❜♦✉♥❞❛r② ❡✛❡❝ts✳ ❚❤✉s
♠♦❞❡❧s ✇❤✐❝❤ r❡s♦❧✈❡ ♥♦♥✲❧✐♥❡❛r ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ r❛❞✐❛t✐♦♥ ❛♥❞ ♦t❤❡r ♣r♦❝❡ss❡s s✉❝❤
❛s ❡✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ♦r ♣❤♦t♦s②♥t❤❡s✐s ♥❡❡❞ t♦ ✐♥❝❧✉❞❡ ❛ ✸❉ r❛❞✐❛t✐♦♥ s❝❤❡♠❡✳
✺✳✻ ❈♦♥❝❧✉s✐♦♥s
▼② ✜❡❧❞ ❞❛t❛ ❛♥❞ ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts s❤♦✇ t❤❡ ❤✐❣❤ s♣❛t✐❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ r❛❞✐❛t✐♦♥
❛♥❞ s♦✐❧ ❤❡❛t ✢✉① ❛t ❛ ❧♦✇❧❛♥❞ t✉♥❞r❛ s✐t❡ ❛s ❛ r❡s✉❧t ♦❢ ✈❡❣❡t❛t✐♦♥ ❝♦♠♣♦s✐t✐♦♥
❛♥❞ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s✳ ❲✐t❤✐♥ ❛ ❝♦✉♣❧❡ ♦❢ ♠❡t❡rs✱ t❤❡ ❛❧❜❡❞♦ ❝❛♥ ❝❤❛♥❣❡ ❜❡t✇❡❡♥
✵✳✵✸ ♦❢ ♦♣❡♥ ✇❛t❡r ❛♥❞ ✵✳✶✽ ♦❢ ♣❡❛t ♠♦ss ❞♦♠✐♥❛t❡❞ ✇❡t❧❛♥❞✳ ❲❤✐❧❡ ❞❡♥s❡ ✇❡t
s❡❞❣❡ ✈❡❣❡t❛t✐♦♥ ❛❜s♦r❜s ❛❜♦✉t ✽✺✪ ♦❢ t❤❡ s✉♥❧✐❣❤t✱ t❤❡ s♦✐❧ ❛❜s♦r❜s ♠♦st ❡♥❡r❣② ♦♥
❧❡ss ❞❡♥s❡❧② ✈❡❣❡t❛t❡❞ ♣❛t❝❤❡s✳ ❍♦✇❡✈❡r✱ ❡✈❡♥ ✇✐t❤✐♥ ❛ s✐♥❣❧❡ ✈❡❣❡t❛t✐♦♥ t②♣❡✱ t❤❡
r❛❞✐❛t✐♦♥ ❜✉❞❣❡ts ❝❛♥ ✈❛r② s✉❜st❛♥t✐❛❧❧② ❛t t❤❡ s♠❛❧❧ s❝❛❧❡✳ ❆s t✉♥❞r❛ ❞✇❛r❢ s❤r✉❜s
❤❛✈❡ ❛ ❤✐❣❤ ✇♦♦❞ ❛r❡❛✱ t❤❡ ✇♦♦❞ ✐s ❡✈❡♥ ♠♦r❡ ✐♠♣♦rt❛♥t t❤❛♥ ❣r❡❡♥ ❧❡❛✈❡s ❢♦r s♦✐❧
s❤❛❞✐♥❣✳ ❙✐♠✐❧❛r❧②✱ ❢♦r ✇❡t s❡❞❣❡s ■ ❢♦✉♥❞ t❤❛t t❤❡ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s s❤❛❞❡ t❤❡
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●✉❛♥✱ ❳✳ ❏✳✱ ❈✳ ❏✳ ❲❡st❜r♦♦❦✱ ❛♥❞ ❈✳ ❙♣❡♥❝❡ ✭✷✵✶✵✮✱ ❙❤❛❧❧♦✇ s♦✐❧ ♠♦✐st✉r❡ ✕ ❣r♦✉♥❞ t❤❛✇ ✐♥t❡r❛❝✲
t✐♦♥s ❛♥❞ ❝♦♥tr♦❧s ✕ P❛rt ✶✿ ❙♣❛t✐♦t❡♠♣♦r❛❧ ♣❛tt❡r♥s ❛♥❞ ❝♦rr❡❧❛t✐♦♥s ♦✈❡r ❛ s✉❜❛r❝t✐❝ ❧❛♥❞s❝❛♣❡✱
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❋✐rst ♦❢ ❛❧❧ ■ t❤❛♥❦ ●❛❜r✐❡❧❛ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜ ❢♦r ❣✐✈✐♥❣ ♠❡ t❤❡ ♦♣♣♦rt✉♥✐t② t♦ ❞♦
r❡s❡❛r❝❤ ❛t ❛ ♠♦st ❢❛s❝✐♥❛t✐♥❣ ♣❧❛❝❡ ❛♥❞ ❢♦r ❛❧✇❛②s ❜❡✐♥❣ ❛✈❛✐❧❛❜❧❡ ❢♦r q✉❡st✐♦♥s✳
■ ❛❧s♦ t❤❛♥❦ t❤❡ t❤r❡❡ ♠❡♠❜❡rs ♦❢ ♠② ❝♦♠♠✐tt❡❡✱ ▼✐❝❤❛❡❧ ❙❝❤❛❡♣♠❛♥✱ ❲❡r♥❡r
❊✉❣st❡r✱ ❛♥❞ ❇❡r♥❤❛r❞ ❙❝❤♠✐❞ ❢♦r ♦✉r ❞✐s❝✉ss✐♦♥s ❛♥❞ ✭❛❧s♦ ✜♥❛♥❝✐❛❧✮ s✉♣♣♦rt ♦❢
♠② ✐❞❡❛s✳ ■ ❛♠ ❣r❛t❡❢✉❧ t♦ ❤❛✈❡ ❜❡❡♥ ♣❛rt ♦❢ t❤❡ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤ ❯❘PP ●❧♦❜❛❧
❈❤❛♥❣❡ ❛♥❞ ❇✐♦❞✐✈❡rs✐t② ❛s ■ ❡♥❥♦②❡❞ t❤❡ ♥✉♠❡r♦✉s ✐♥t❡r❞✐s❝✐♣❧✐♥❛r② ❛❝t✐✈✐t✐❡s ❛♥❞
❞✐s❝✉ss✐♦♥s✳
■ t❤❛♥❦ ❆♥❣❡❧❛ ❊r❜ ❢♦r ❝♦♥❝❡✐✈✐♥❣ ❛♥❞ ❝♦❧❧❡❝t✐♥❣ t❤❡ ✜❡❧❞ ❞❛t❛ ❢♦r ❈❤❛♣t❡r ✸ ❛♥❞
❊❣♦r ❙t❛r♦st✐♥ ❛♥❞ ❘❛❝❤❡❧ ❙✐♠❡♦♥ ❢♦r ❤❡❧♣✐♥❣ ✐♥ t❤❡ ✜❡❧❞✳ ▼❛♥② t❤❛♥❦s t♦ ▼♦♥✐q✉❡
▼✳ P✳ ❉✳ ❍❡✐❥♠❛♥s ❢♦r ♣r♦✈✐❞✐♥❣ s♦✐❧ s❡♥s♦rs ❛♥❞ ❤❡❧♣❢✉❧ s✉❣❣❡st✐♦♥s ❢♦r ❈❤❛♣t❡r ✷✳
■ ❛♠ ❣r❛t❡❢✉❧ ❢♦r t❤❡ ❛♠❛③✐♥❣ ❣r♦✉♣ ♦❢ r❡s❡❛r❝❤❡rs s❤❛r✐♥❣ ❛♥❞ ✐♠♣r♦✈✐♥❣ ♠② ❑②✲
t❛❧②❦ ✜❡❧❞✇♦r❦ ❡①♣❡r✐❡♥❝❡✳ ❋✉rt❤❡r✱ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ ❚❛t✐❛♥❛ ❙tr✉❦♦✈❛ ❢r♦♠
t❤❡ ♥❛t✉r❡ ♣r♦t❡❝t✐♦♥ ❛❣❡♥❝② ✐♥ ❈❤♦❦✉r❞❛❦❤ ❛♥❞ ❚r♦✜♠ ❈✳ ▼❛①✐♠♦✈✱ ❆❧❡①❛♥❞❡r
❱✳ ❑♦♥♦♥♦✈✱ ❛♥❞ t❤❡ ♦t❤❡r ♠❡♠❜❡rs ♦❢ t❤❡ ■❇P❈ ❨❛❦✉ts❦ ❢♦r t❤❡ ❧♦❣✐st✐❝ ❛♥❞ ❛❞✲
♠✐♥✐str❛t✐✈❡ s✉♣♣♦rt ♦❢ t❤❡ ✜❡❧❞ ✇♦r❦✳ ❚❤❛♥❦s t♦ t❤❡ P❛♥❣❛❡❛ ♣❧❛t❢♦r♠ ❢♦r ❤♦st✐♥❣
♠② ✜❡❧❞ ❞❛t❛ ❛♥❞ t♦ ❏❡❛♥✲P❤✐❧✐♣♣❡ ●❛st❡❧❧✉✲❊t❝❤❡❣♦rr② ❛♥❞ ❤✐s t❡❛♠ ❢♦r ❝♦♥st❛♥t❧②
✐♠♣r♦✈✐♥❣ t❤❡ ❉❆❘❚ ♠♦❞❡❧✳
■ t❤❛♥❦ ♠② ❝♦❧❧❡❛❣✉❡s ❛♥❞ ❢r✐❡♥❞s ❛t t❤❡ ✉♥✐✈❡rs✐t② ❢♦r ♠❛❦✐♥❣ ✇♦r❦ ❛♥❞ ❜r❡❛❦s
s♦ ❡♥❥♦②❛❜❧❡✱ ❢♦r ♠♦t✐✈❛t✐♥❣ ♠❡ ❛♥❞ ❧✐st❡♥✐♥❣ t♦ ♠❡ ✇❤❡♥❡✈❡r ♥❡❡❞❡❞✳ ❆❧t❤♦✉❣❤ ✐t
✐s r❡❛❧❧② t❤❡ ❣r♦✉♣ ❛s ❛ ✇❤♦❧❡ ✇❤♦ ♠❛❦❡s t❤❡ ❞✐✛❡r❡♥❝❡✱ ■ ♠❡♥t✐♦♥ ❡s♣❡❝✐❛❧❧② ♠②
❢r✐❡♥❞s ❙❛❡❡❞ ❑❛r❜✐♥ ✇❤♦ s❤❛r❡❞ ♦✣❝❡ ❛♥❞ t❤♦✉❣❤ts ✇✐t❤ ♠❡ ❢♦r t❤r❡❡ ②❡❛rs✱ ■r❡♥❡
●❛r♦♥♥❛ ✇❤♦ s❤❛r❡❞ ♠② ✇❤♦❧❡ P❤❉ ♣r♦❝❡ss ✇✐t❤ ✐ts ✉♣s ❛♥❞ ❞♦✇♥s ❛♥❞ ▼❛✐t❛♥❡
■t✉rr❛t❡✲●❛r❝✐❛ ✇❤♦ ❞✐❞ ♥♦t ♦♥❧② s❤❛r❡ t❤❡ ✜❡❧❞ ❡①♣❡r✐❡♥❝❡ ❜✉t ❛❧s♦ ❛❧❧ ✇♦rr✐❡s ❛♥❞
❛❝❤✐❡✈❡♠❡♥ts✳ ▲❛st ❛♥❞ ♠♦st ❝♦r❞✐❛❧❧② ■ t❤❛♥❦ ❚✐♠ ●rü♥❜❡r❣ ❛♥❞ ♠② ❢❛♠✐❧② ❢♦r
❜❡✐♥❣ t❤❡r❡ ❢♦r ♠❡ ❛t ❛❧❧ t✐♠❡s✳
✶✸✶
❈✉rr✐❝✉❧✉♠ ✈✐t❛❡
❏❯❙❩❆❑✱ ■♥❣❡
❉❛t❡ ♦❢ ❜✐rt❤✿ ✷✽ ◆♦✈❡♠❜❡r ✶✾✽✻
◆❛t✐♦♥❛❧✐t②✿ ●❡r♠❛♥
❊❞✉❝❛t✐♦♥
✵✾✴✷✵✶✷ ✕ ✵✻✴✷✵✶✻ ❯♥✐✈❡rs✐t② ♦❢ ❩✉r✐❝❤✱ ❙✇✐t③❡r❧❛♥❞
P❤❉ st✉❞❡♥t ✐♥ t❤❡ ❉❡♣❛rt♠❡♥t ♦❢ ❊✈♦❧✉t✐♦♥❛r② ❇✐♦❧♦❣② ❛♥❞ ❊♥✈✐✲
r♦♥♠❡♥t❛❧ ❙t✉❞✐❡s
✶✵✴✷✵✵✻ ✕ ✶✵✴✷✵✶✶ ❚❡❝❤♥✐s❝❤❡ ❯♥✐✈❡rs✐tät ❉r❡s❞❡♥✱ ●❡r♠❛♥②
●r❛❞✉❛t❡❞ ✇✐t❤ ❉✐♣❧♦♠ ✐♥ ❍②❞r♦❧♦❣②✱ ✜♥❛❧ ❣r❛❞❡ ✶✳✵
✵✹✴✷✵✶✶ ✕ ✵✾✴✷✵✶✶ ❊❚❍ ❩ür✐❝❤✱ ❙✇✐t③❡r❧❛♥❞
❉✐♣❧♦♠❛ t❤❡s✐s ♦♥ t❤❡ ❝❤❛r❛❝t❡r✐s❛t✐♦♥ ♦❢ t❤❡ ❤②❞r♦❧♦❣✐❝❛❧ ❝♦♠♣♦✲
♥❡♥ts ✐♥ ❛♥ ❛❧♣✐♥❡ ❣❧❛❝✐❡r✐s❡❞ ❝❛t❝❤♠❡♥t❀ ✇r✐tt❡♥ ❛t t❤❡ ■♥st✐t✉t❡ ♦❢
❊♥✈✐r♦♥♠❡♥t❛❧ ❊♥❣✐♥❡❡r✐♥❣
✵✾✴✷✵✵✾ ✕ ✵✻✴✷✵✶✵ ❊❚❍ ❩ür✐❝❤✱ ❙✇✐t③❡r❧❛♥❞
❊①❝❤❛♥❣❡ st✉❞❡♥t ❛t t❤❡ ■♥st✐t✉t❡ ♦❢ ❊♥✈✐r♦♥♠❡♥t❛❧ ❊♥❣✐♥❡❡r✐♥❣
✵✽✴✶✾✾✼ ✕ ✵✻✴✷✵✵✻ ●②♠♥❛s✐✉♠ ❞❡r ▼❛r✐❛♥♥❤✐❧❧❡r ▼✐ss✐♦♥❛r❡✱ ▼❛r✐❛ ❱❡❡♥✱ ●❡r✲
♠❛♥②
●r❛❞✉❛t❡❞ ✇✐t❤ ❆❜✐t✉r ✭❆❧❧❣❡♠❡✐♥❡ ❍♦❝❤s❝❤✉❧r❡✐❢❡✮✱ ✜♥❛❧ ❣r❛❞❡ ✶✳✸
✵✾✴✷✵✵✸ ✕ ✵✽✴✷✵✵✹ ❙t✉❞❡♥t ❡①❝❤❛♥❣❡ ②❡❛r ✐♥ t❤❡ ❳ ▲✐❝❡✉♠ ❖❣ó❧♥♦❦s③t❛➟❝→❝❡✱ ❚♦r✉➠✱
P♦❧❛♥❞
❆✇❛r❞s ❛♥❞ s❝❤♦❧❛rs❤✐♣
▲♦❤r♠❛♥♥✲▼❡❞❛✐❧❧❡✱ ❇❡st ❣r❛❞✉❛t❡ ♦❢ t❤❡ ❋❛❝✉❧t② ♦❢ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙❝✐❡♥❝❡s✱ ❚❯ ❉r❡s✲
❞❡♥ ✐♥ t❤❡ ②❡❛r ✷✵✶✶✴✷✵✶✷
❖✉tst❛♥❞✐♥❣ st✉❞❡♥t ♣♦st❡r✱ ❊●❯ ●❡♥❡r❛❧ ❆ss❡♠❜❧② ✷✵✶✺
❙t✉❞✐❡♥st✐❢t✉♥❣ ❞❡s ❉❡✉ts❝❤❡♥ ❱♦❧❦❡s
P✉❜❧✐❝❛t✐♦♥s
❏✉s③❛❦ ❛♥❞ P❡❧❧✐❝❝✐♦tt✐ ✭✷✵✶✸✮ ❆ ❝♦♠♣❛r✐s♦♥ ♦❢ ♣❛r❛♠❡t❡r✐③❛t✐♦♥s ♦❢ ✐♥❝♦♠✐♥❣ ❧♦♥❣✲
✇❛✈❡ r❛❞✐❛t✐♦♥ ♦✈❡r ♠❡❧t✐♥❣ ❣❧❛❝✐❡rs✿ ▼♦❞❡❧ r♦❜✉st♥❡ss ❛♥❞ s❡❛s♦♥❛❧ ✈❛r✐❛❜✐❧✐t②✱
✶✸✷
❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✱ ✶✶✽ ✭✽✮✱ ✸✵✻✻✕✸✵✽✹
❏✉s③❛❦ ❡t ❛❧✳ ✭✷✵✶✹✮ ❆r❝t✐❝ s❤r✉❜ ❡✛❡❝ts ♦♥ ◆❉❱■✱ s✉♠♠❡r ❛❧❜❡❞♦ ❛♥❞ s♦✐❧ s❤❛❞✐♥❣✱
❘❡♠♦t❡ ❙❡♥s✐♥❣ ♦❢ ❊♥✈✐r♦♥♠❡♥t✱ ✶✺✸✱ ✼✾✕✽✾
❏✉s③❛❦ ❡t ❛❧✳ ✭✷✵✶✻❛✮ ❈♦♥tr❛st✐♥❣ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❆r❝t✐❝ s❤r✉❜ ❛♥❞ ✇❡t
s❡❞❣❡ t✉♥❞r❛✱ ❇✐♦❣❡♦s❝✐❡♥❝❡s✱ ✶✸✱ ✹✵✹✾✕✹✵✻✹
❏✉s③❛❦ ❡t ❛❧✳ ✭✷✵✶✻❜✮ ❉r✐✈❡rs ♦❢ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ ❆r❝t✐❝ t✉♥❞r❛ ❛❝r♦ss s❝❛❧❡s✱
❘❡♠♦t❡ ❙❡♥s✐♥❣ ♦❢ ❊♥✈✐r♦♥♠❡♥t✱ ✐♥ r❡✈✐❡✇
❈♦♥❢❡r❡♥❝❡ ❝♦♥tr✐❜✉t✐♦♥s
■✳ ❏✉s③❛❦
❆ ❝♦♠♣❛r✐s♦♥ ♦❢ ♣❛r❛♠❡t❡r✐s❛t✐♦♥s ♦❢ ✐♥❝♦♠✐♥❣ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥ ♦✈❡r ♠❡❧t✐♥❣
❣❧❛❝✐❡rs✿ ♠♦❞❡❧ r♦❜✉st♥❡ss ❛♥❞ s❡❛s♦♥❛❧ ✈❛r✐❛❜✐❧✐t②✱ ✶✻t❤ ❆❧♣✐♥❡ ●❧❛❝✐♦❧♦❣② ▼❡❡t✐♥❣✱
❩ür✐❝❤✱ ✷✵✶✷ ✭♣♦st❡r ♣r❡s❡♥t❛t✐♦♥✮
■✳ ❏✉s③❛❦✱ ❆✳ ❊r❜ ❛♥❞ ●✳ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜
❊✛❡❝t ♦❢ s❤r✉❜s ♦♥ s❤♦rt✇❛✈❡ s✉r❢❛❝❡ ❡♥❡r❣② ✢✉①❡s ✐♥ t❤❡ ❆r❝t✐❝ t✉♥❞r❛ ✕ ✸❉ r❛❞✐❛t✐✈❡
tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣ ❛♥❞ ♠♦❞❡❧ ✈❛❧✐❞❛t✐♦♥✱ P❛tt❡r♥s ✐♥ ❙♦✐❧✲❱❡❣❡t❛t✐♦♥✲❆t♠♦s♣❤❡r❡✲
❙②st❡♠s✿ ▼♦♥✐t♦r✐♥❣✱ ▼♦❞❡❧❧✐♥❣ ✫ ❉❛t❛ ❆ss✐♠✐❧❛t✐♦♥✱ ❇♦♥♥✱ ✷✵✶✸ ✭♦r❛❧ ♣r❡s❡♥t❛t✐♦♥✮
■✳ ❏✉s③❛❦✱ ❆✳ ❊r❜✱ ▼✳ ■t✉rr❛t❡ ❛♥❞ ●✳ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜
❊✛❡❝t ♦❢ s❤r✉❜✐✜❝❛t✐♦♥ ♦♥ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ✢✉①❡s ✐♥ t❤❡ ❙✐❜❡r✐❛♥ ❆r❝t✐❝ ✕ P❛r❛♠✲
❡t❡r✐s❛t✐♦♥ ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ♦❢ ❛ ✸❉ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❢♦r ❞✇❛r❢ s❤r✉❜s ✉s✐♥❣
❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✱ ●❧♦❜❛❧ ❱❡❣❡t❛t✐♦♥ ▼♦♥✐t♦r✐♥❣ ✫ ▼♦❞❡❧✐♥❣✱ ❆✈✐❣♥♦♥✱ ✷✵✶✹ ✭♦r❛❧
♣r❡s❡♥t❛t✐♦♥✮
■✳ ❏✉s③❛❦✱ ▼✳ ■t✉rr❛t❡✱ ❚✳ ❈✳ ▼❛①✐♠♦✈ ❛♥❞ ●✳ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜
❊✛❡❝ts ♦❢ ❆r❝t✐❝ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s ♦♥ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜❛❧❛♥❝❡✱ ✽t❤
❛♥♥✉❛❧ ✐♥t❡r♥❛t✐♦♥❛❧ s②♠♣♦s✐✉♠ ♦♥ ❈✴ ❍2❖✴❊♥❡r❣② ❜❛❧❛♥❝❡ ❛♥❞ ❝❧✐♠❛t❡ ♦✈❡r ❜♦r❡❛❧
❛♥❞ ❛r❝t✐❝ r❡❣✐♦♥s ✇✐t❤ s♣❡❝✐❛❧ ❡♠♣❤❛s✐s ♦♥ ❡❛st❡r♥ ❊✉r❛s✐❛✱ ❲❛❣❡♥✐♥❣❡♥✱ ✷✵✶✹ ✭♦r❛❧
♣r❡s❡♥t❛t✐♦♥✮
■✳ ❏✉s③❛❦ ❛♥❞ ●✳ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜
❚❤❡ ✐♠♣❛❝t ♦❢ ✈❡❣❡t❛t✐♦♥ t②♣❡ ♦♥ t❤❡ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥ ❜❛❧❛♥❝❡ ♦❢ t❤❡ ❆r❝t✐❝
t✉♥❞r❛✱ ❊●❯ ●❡♥❡r❛❧ ❆ss❡♠❜❧② ✷✵✶✺✱ ❱✐❡♥♥❛✱ ✷✵✶✺ ✭♣♦st❡r ♣r❡s❡♥t❛t✐♦♥✮
■✳ ❏✉s③❛❦✱ ▼✳ ■t✉rr❛t❡✲●❛r❝✐❛✱ ❛♥❞ ●✳ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜
■♥✢✉❡♥❝❡ ♦❢ ❆r❝t✐❝ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ ♦♥ r❛❞✐❛t✐♦♥ ❛♥❞ s♦✐❧ ✢✉①❡s✱ ✶✸t❤ ❙✇✐ss ●❡♦✲
s❝✐❡♥❝❡ ▼❡❡t✐♥❣✱ ❇❛s❡❧✱ ✷✵✶✺ ✭♦r❛❧ ♣r❡s❡♥t❛t✐♦♥✮
■✳ ❏✉s③❛❦✱ ▼✳ ■t✉rr❛t❡ ●❛r❝✐❛✱ ❏✳✲P✳ ●❛st❡❧❧✉✲❊t❝❤❡❣♦rr②✱ ▼✳ ❊✳ ❙❝❤❛❡♣♠❛♥✱ ❛♥❞
●✳ ❙❝❤❛❡♣♠❛♥✲❙tr✉❜
❘❛❞✐❛t✐♦♥ ❜✉❞❣❡t ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①❡s ✐♥ ❞✐✛❡r❡♥t ❆r❝t✐❝ t✉♥❞r❛ ✈❡❣❡t❛t✐♦♥ t②♣❡s✱
❊●❯ ●❡♥❡r❛❧ ❆ss❡♠❜❧② ✷✵✶✻✱ ❱✐❡♥♥❛✱ ✷✵✶✻ ✭♦r❛❧ ♣r❡s❡♥t❛t✐♦♥✮
✶✸✸

❆♣♣❡♥❞✐❝❡s
✶✸✺

❆ ▼❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
❆✳✶ ■♥ s✐t✉ ♦❜s❡r✈❛t✐♦♥s
❚❤❡ ❞❛t❛ ❝♦❧❧❡❝t✐♦♥ ❛t t❤❡ ❑②t❛❧②❦ ✜❡❧❞ s✐t❡ ✐♥❝❧✉❞❡❞ ❛ ♥✉♠❜❡r ♦❢ ❞✐✛❡r❡♥t ❛♣✲
♣r♦❛❝❤❡s t♦ ❛ss❡ss ✈❡❣❡t❛t✐♦♥ ❞✐str✐❜✉t✐♦♥✱ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s✱ ❛♥❞ ❡♥❡r❣② ❜✉❞❣❡t
❝♦♠♣♦♥❡♥ts ✭❙❡❝t✐♦♥ ✶✳✻✮✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ ❛❧❧ ✈❛r✐❛❜❧❡s ♠❡❛s✉r❡❞ ✐♥ ❛t ❧❡❛st ♦♥❡ ♦❢
t❤❡ ❢♦✉r ✜❡❧❞ ❝❛♠♣❛✐❣♥s ❜❡t✇❡❡♥ ❏✉❧② ✷✵✶✸ ❛♥❞ ❏✉❧② ✷✵✶✺ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ❆✳✶✳
❚❛❜❧❡ ❆✳✶✿ ▲✐st ♦❢ ❛❧❧ ✐♥ s✐t✉ ♦❜s❡r✈❛t✐♦♥s ❜❡t✇❡❡♥ ❏✉❧② ✷✵✶✸ ❛♥❞ ❏✉❧② ✷✵✶✺ ❛t t❤❡
❑②t❛❧②❦ ✜❡❧❞ s✐t❡❀ ❛❧❧ t✐♠❡ s❡r✐❡s✱ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞✱ ❛♥❞ ❛✉①✐❧✐❛r② ♠❡❛s✉r❡♠❡♥ts
✇❡r❡ ❝❛rr✐❡❞ ♦✉t ❛t ❞✇❛r❢ s❤r✉❜s ✭❇❡t✉❧❛ ♥❛♥❛✮ ❛♥❞ ✇❡t s❡❞❣❡s ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐✲
❢♦❧✐✉♠✮❀ t❤❡ ♣❧❛♥t ♦r❣❛♥s st✉❞✐❡❞ ✇❡r❡ ❣r❡❡♥ ❧❡❛✈❡s✱ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s✱ ❛♥❞ ✇♦♦❞✳
❚✐♠❡ s❡r✐❡s
■♥❝♦♠✐♥❣ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥
❘❡✢❡❝t❡❞ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥
❇❡❧♦✇ ❝❛♥♦♣② tr❛♥s♠✐tt❡❞
s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥
■♥❝♦♠✐♥❣ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥
❊♠✐tt❡❞ ❧♦♥❣✇❛✈❡ r❛❞✐❛t✐♦♥
❆✐r t❡♠♣❡r❛t✉r❡
❙♦✐❧ t❡♠♣❡r❛t✉r❡
❙♦✐❧ ❤❡❛t ✢✉① ❛t 10 cm ❞❡♣t❤
❙♦✐❧ ♠♦✐st✉r❡
❙♥♦✇ ♠❡❧t t✐♠✐♥❣ ❛♥❞ ✈❡❣❡✲
t❛t✐♦♥ ♣❤❡♥♦❧♦❣②
❙♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞
♠❡❛s✉r❡♠❡♥ts
P❧❛♥t ♦r❣❛♥ ❛r❡❛ ✐♥❞❡①
❋r❛❝t✐♦♥❛❧ ❝♦✈❡r ♦❢
❜❛❝❦❣r♦✉♥❞ t②♣❡s
❆❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss
❈❛♥♦♣② ❛♥❞ st❛♥❞✐♥❣
❞❡❛❞ ❧❡❛❢ ❤❡✐❣❤t
❈❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡
♦❢ ♣❤♦t♦s②♥t❤❡t✐✲
❝❛❧❧② ❛❝t✐✈❡ r❛❞✐❛t✐♦♥
✭tP❆❘✮
❈❛♥♦♣② s♣❡❝tr❛❧
r❡✢❡❝t❛♥❝❡
❆✉①✐❧✐❛r② ♠❡❛s✉r❡♠❡♥ts
P❧❛♥t ♦r❣❛♥ ❜✐♦♠❛ss
P❧❛♥t ♦r❣❛♥ ♠❛ss ♣❡r ❛r❡❛
❉❡str✉❝t✐✈❡ ♣❧❛♥t ♦r❣❛♥ ❛r❡❛
P❧❛♥t ♦r❣❛♥ ♦♣t✐❝❛❧ ♣r♦♣❡r✲
t✐❡s
P❧❛♥t ♦r❣❛♥ ❛♥❣❧❡ ❞✐str✐❜✉✲
t✐♦♥s
tP❆❘ ❞❡♣❡♥❞✐♥❣ ♦♥ s✉♥
❛♥❣❧❡ ❛♥❞ ❢r❛❝t✐♦♥ ♦❢ ❞✐✛✉s❡
❧✐❣❤t
❈❛♥♦♣② s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡
❞❡♣❡♥❞✐♥❣ ♦♥ s✉♥ ❛♥❣❧❡ ❛♥❞
❢r❛❝t✐♦♥ ♦❢ ❞✐✛✉s❡ ❧✐❣❤t
tP❆❘ ❞❡♣❡♥❞✐♥❣ ♦♥ ❝❛♥♦♣②
❞❡♥s✐t②
❈❛♥♦♣② s♣❡❝tr❛❧ r❡✢❡❝t❛♥❝❡
❞❡♣❡♥❞✐♥❣ ♦♥ ❝❛♥♦♣② ❞❡♥s✐t②
❙♦✐❧ t❤❡r♠❛❧ ♣r♦♣❡rt✐❡s
▼❡❛s✉r❡♠❡♥ts ✐♥ t❤❡
❧❛r❣❡r st✉❞② r❡❣✐♦♥
❱❡❣❡t❛t✐♦♥ t②♣❡
r❡❢❡r❡♥❝❡ ♣♦✐♥ts
❖rt❤♦♣❤♦t♦s
❙♥♦✇❞❡♣t❤
❆❝t✐✈❡ ❧❛②❡r t❤✐❝❦✲
♥❡ss tr❛♥s❡❝ts ♥❡①t
t♦ ✫ ✐♥ ✇❛t❡r ❜♦❞✐❡s
❆✳✷ ❉❡s✐❣♥ ❛♥❞ ✐♥str✉♠❡♥ts ♦❢ ❛✉t♦♠❛t✐❝ ♠❡❛s✉r❡♠❡♥ts
❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✲✉♣ ❝♦♥s✐st❡❞ ♦❢ t✇♦ ❛✉t♦♠❛t✐❝ st❛t✐♦♥s ❢♦r ♠❡❛s✉r✐♥❣ t❤❡ ❛❜♦✈❡
❝❛♥♦♣② r❛❞✐❛t✐♦♥ ❜✉❞❣❡t✱ ❜❡❧♦✇ ❝❛♥♦♣② tr❛♥s♠✐tt❡❞ s❤♦rt✇❛✈❡ r❛❞✐❛t✐♦♥✱ ❛✐r t❡♠✲
♣❡r❛t✉r❡✱ s♦✐❧ t❡♠♣❡r❛t✉r❡✱ s♦✐❧ ♠♦✐st✉r❡✱ ❛♥❞ s♦✐❧ ❤❡❛t ✢✉①✳ ❆❧❧ ❞❛t❛ ✇❡r❡ r❡❝♦r❞❡❞
❜② ♦♥❡ ❞❛t❛❧♦❣❣❡r ♣❡r st❛t✐♦♥ ✇✐t❤ ❛ ♠❡❛s✉r❡♠❡♥t ❢r❡q✉❡♥❝② ♦❢ ✸✵ s❡❝♦♥❞s ❛♥❞
✶✸✼
❆ ▼❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
st♦r❛❣❡ ♦❢ ❛✈❡r❛❣❡s ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s ❡✈❡r② ✶✵ ♠✐♥✉t❡s✳ ❚❤❡ ❧♦❝❛t✐♦♥s ♦❢
t❤❡ st❛t✐♦♥s ✇❡r❡ ✼✵➦✹✾✬✺✾✳✵✑ ◆✱ ✶✹✼➦✸✵✬✶✼✳✶✑ ❊ ♦♥ ❞✇❛r❢ s❤r✉❜s ✭❇❡t✉❧❛ ♥❛♥❛✮ ❛♥❞
✼✵➦✹✾✬✺✼✳✸✑ ◆✱ ✶✹✼➦✸✵✬✶✻✳✻✑ ❊ ♦♥ ✇❡t s❡❞❣❡s ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮✳ ▼♦r❡ ❞❡✲
t❛✐❧s ♦♥ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ s❡♥s♦rs ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✷✳ ❚❤❡ s❡♥s♦r ❞❡s❝r✐♣t✐♦♥
❛♥❞ ♠❡❛s✉r❡♠❡♥ts ❛r❡ s✉♠♠❛r✐s❡❞ ✐♥ ❚❛❜❧❡ ❆✳✷ ✇✐t❤ s♦♠❡ ♠♦r❡ ❞❡t❛✐❧s ✐♥ ❚❛❜❧❡ ❆✳✸✳
❚❛❜❧❡ ❆✳✹ ✐♥❝❧✉❞❡s t❤❡ s❡r✐❛❧ ♥✉♠❜❡rs ♦❢ t❤❡ s♣❡❝✐✜❝ s❡♥s♦rs ✉s❡❞ ❢♦r t❤✐s ✇♦r❦✳ ❖♥❡
❛✉t♦♠❛t✐❝ ❝❛♠❡r❛ ♣❡r ♣❧♦t ✇❛s ❧♦♦❦✐♥❣ ✈❡rt✐❝❛❧❧② ❞♦✇♥ ❛♥❞ ♦♥❡ ✇❛s ♠♦✉♥t❡❞ ❛s
s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳
1.5m
❈❛♠❡r❛
1.1✕7.4m✿ ♣✐❝t✉r❡
1.25m
1.9✕7.4m✿ ✐♥ ❢♦❝✉s
2.4m57➦
43➦
❋✐❣✉r❡ ❆✳✶✿ ❙❝❤❡♠❛t✐❝ ❞r❛✇✐♥❣ ♦❢ t❤❡ s❡t✲✉♣ ❛♥❞ ✜❡❧❞ ♦❢ ✈✐❡✇ ♦❢ t❤❡ ❝❛♠❡r❛s✳
✶✸✽
❆✳✷ ❉❡s✐❣♥ ❛♥❞ ✐♥str✉♠❡♥ts ♦❢ ❛✉t♦♠❛t✐❝ ♠❡❛s✉r❡♠❡♥ts
✶
✷
✸
✹
✺
✻
✼
✽
✾
✷
✸
✹
✺
✻
❈❛♠❡r❛s ❘❛❞✐♦♠❡t❡rs
❇❡t✉❧❛ ♥❛♥❛
❱❛❝❝✐♥✐✉♠
▼♦r❡
✇❡t
✶
✷
✸
✹
✺
✻
✼
✽
✾
✶✵
✽
✼
✶✵
✾
❈❛♠❡r❛s ❘❛❞✐♦♠❡t❡rs
❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠
❙♣❤❛❣♥✉♠
❋✐rst ❇✳ ♥❛♥❛
❲❡t
❉r✐❡r
◆
❛
♣
♣
r♦
①
✳
13
m
✶
✷
✸
✹
✺
✻
✼
✽
✾
❍❋P✲s❝✱ ❚✲✵✶✱ ❚✲✵✷
❍❋P✲✶✱ ❚✲✵✸✱ ❚✲✵✹
❍❋P✲✷
❍❋P✲✸✱ ❚✲✵✺✱ ❚✲✵✻
❍❋P✲✹
❍❋P✲✺✱ ❚✲✵✼✱ ❚✲✵✽
Pr♦✜❧❡✿ ❚✲✵✾✳✳❚✲✶✸
❙♠✲✶
❙♠✲✷
✶
✷
✸
✹
✺
✻
✼
✽
✾
✶✵
❍❋P✲s❝✱ ❚✲✵✶✱ ❚✲✵✷
❍❋P✲✶
❍❋P✲✷✱ ❚✲✵✸✱ ❚✲✵✹
❍❋P✲✸
❍❋P✲✹✱ ❚✲✵✺✱ ❚✲✵✻
❍❋P✲✺
❍❋P✲✻✱ ❚✲✵✼✱ ❚✲✵✽
Pr♦✜❧❡✿ ❚✲✵✾✳✳❚✲✶✸
❙♠✲✶
❙♠✲✷
❋✐❣✉r❡ ❆✳✷✿ ▲♦❝❛t✐♦♥ ♦❢ t❤❡ s♦✐❧ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❜♦t❤ ♣❧♦ts ✭♦✮❀ ① ✐♥❞✐❝❛t❡ ❙P▲■❚❊✷❀
❛❧❧ ❙P▲■❚❊✷ s❡♥s♦rs ❛r❡ ✐♥ ♦♥❡ ❧✐♥❡ ✇✐t❤ ❛❜♦✉t 2m ❜❡t✇❡❡♥ t❤❡♠❀ ❍❋P ❞❡♥♦t❡s ❤❡❛t
✢✉① ♣❧❛t❡✱ ❚ ❞❡♥♦t❡s s♦✐❧ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❙♠ s♦✐❧ ♠♦✐st✉r❡ s❡♥s♦rs❀ t❤❡ tr✐♣♦❞s ✇❡r❡
❧♦❝❛t❡❞ ❛t ✼✵✳✽✸✸✵➦◆✱ ✶✹✼✳✺✵✹✼➦❊ ♦♥ ❞✇❛r❢ s❤r✉❜s ✭❇❡t✉❧❛ ♥❛♥❛✮ ❛♥❞ ✼✵✳✽✸✷✻➦◆✱
✶✹✼✳✺✵✹✻➦❊ ♦♥ ✇❡t s❡❞❣❡s ✭❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮✳
✶✸✾
❆ ▼❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
❚❛❜❧❡ ❆✳✷✿ ❖✈❡r✈✐❡✇ ♦❢ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ s❡♥s♦rs ❛♥❞ ❧♦❣❣❡rs ✉s❡❞ ✐♥ t❤✐s st✉❞②✱ ♣❛rt ✶✿
●❡♥❡r❛❧ ❞❡s❝r✐♣t✐♦♥✳
◆❛♠❡ ▼♦❞❡❧ ▼❛♥✉❢❛❝t✉r❡r ❙❤♦rt ❞❡s❝r✐♣t✐♦♥
❉❛t❛ ❧♦❣❣❡r ❈❘✶✵✵✵ ❈❛♠♣❜❡❧❧ ❙❝✐❡♥t✐✜❝ ❉❛t❛ ❧♦❣❣❡r t♦ ❝♦❧❧❡❝t ❛❧❧ ❛✉t♦♠❛t✐❝ ❞❛t❛✱ ❖❙ ✷✷ ♦r
❤✐❣❤❡r
❋❧❛s❤ ▼❡♠♦r②
❉r✐✈❡
❙❈✶✶✺ ❈❛♠♣❜❡❧❧ ❙❝✐❡♥t✐✜❝ ❊①t❡r♥❛❧ st♦r❛❣❡ ❢♦r ❞❛t❛ ❧♦❣❣❡r
▼✉❧t✐♣❧❡① ❆▼✶✻✴✸✷❇ ❈❛♠♣❜❡❧❧ ❙❝✐❡♥t✐✜❝ ▼✉❧t✐♣❧❡① ❢♦r ❞❛t❛ ❧♦❣❣❡r
❆❧❜❡❞♦♠❡t❡r ❈▼❆✶✶ ❑✐♣♣✫ ❩♦♥❡♥ ❆❧❜❡❞♦
P②r❛♥♦♠❡t❡r ❈▼P✶✶ ❑✐♣♣✫ ❩♦♥❡♥ ❘❡✢❡❝t❡❞ s♦❧❛r r❛❞✐❛t✐♦♥
P②r❣❡♦♠❡t❡r ❈●❘✸ ❑✐♣♣✫ ❩♦♥❡♥ ■♥❝♦♠✐♥❣ t❤❡r♠❛❧ r❛❞✐❛t✐♦♥
P②r❛♥♦♠❡t❡r ❙P▲■❚❊✷ ❑✐♣♣✫ ❩♦♥❡♥ ❙♦❧❛r r❛❞✐❛t✐♦♥ ❜❡❧♦✇ ❝❛♥♦♣②
◆❡t✲r❛❞✐♦♠❡t❡r ❈◆❘✷ ❑✐♣♣✫ ❩♦♥❡♥ ❚❤❡r♠❛❧ ❛♥❞ s♦❧❛r r❛❞✐❛t✐♦♥ ❜✉❞❣❡t
❚❤❡r♠♦❝♦✉♣❧❡ ❚②♣❡ ❊ ❱❯ ❆✐r t❡♠♣❡r❛t✉r❡
❚❤❡r♠✐st♦r ❚✶✵✼ ✭◆❚❈ ✴
✶✵✵❑✻❆✮
❈❛♠♣❜❡❧❧ ❙❝✐❡♥t✐✜❝
✭❇❡t❛❚❍❊❘▼✮
❙♦✐❧ t❡♠♣❡r❛t✉r❡
❙❡❧❢ ❝❛❧✐❜r❛t✐♥❣
❤❡❛t ✢✉① ♣❧❛t❡
❍❋P✵✶❙❈ ❍✉❦s❡✢✉① ❙♦✐❧ ❤❡❛t ✢✉①
❍❡❛t ✢✉① ♣❧❛t❡ ❍❋P✵✶ ❍✉❦s❡✢✉① ❙♦✐❧ ❤❡❛t ✢✉①
❋r❡q✉❡♥❝② ❞♦♠❛✐♥
s♦✐❧ ♠♦✐st✉r❡ s❡♥s♦r
▼▲✷① ❉❡❧t❛✲❚ ❉❡✈✐❝❡s ❙♦✐❧ ♠♦✐st✉r❡
❚✐♠❡ ❧❛♣s❡ ❝❛♠❡r❛ ❚✐♠❡❧❛♣s❡❈❛♠
✽✳✵
❲✐♥❣s❝❛♣❡s ❆✉t♦♠❛t✐❝ ❝❛♠❡r❛✱ s♥♦✇♠❡❧t ♣❛tt❡r♥s✱ ♣❤❡♥♦❧♦❣②
❙♣❡❝tr♦♠❡t❡r ❏❛③✲❙♣❡❝tr♦❈❧✐♣✲
❚❘
❖❝❡❛♥ ❖♣t✐❝s P♦rt❛❜❧❡ s♣❡❝tr♦♠❡t❡r✱ ❧❡❛❢ ❛♥❞ ❝❛♥♦♣② ♦♣t✐❝❛❧ ♣r♦♣✲
❡rt✐❡s
❈❡♣t♦♠❡t❡r ❙✉♥❙❝❛♥✱ ❙❙✶ ❉❡❧t❛✲❚ ❉❡✈✐❝❡s ❈❡♣t♦♠❡t❡r✱ tr❛♥s♠✐tt❡❞ ♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡
r❛❞✐❛t✐♦♥ ✭❜❡❧♦✇ ❝❛♥♦♣②✮
✶✹✵
❆✳✷ ❉❡s✐❣♥ ❛♥❞ ✐♥str✉♠❡♥ts ♦❢ ❛✉t♦♠❛t✐❝ ♠❡❛s✉r❡♠❡♥ts
❚❛❜❧❡ ❆✳✸✿ ❖✈❡r✈✐❡✇ ♦❢ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ s❡♥s♦rs ❛♥❞ ❧♦❣❣❡rs ✉s❡❞ ✐♥ t❤✐s st✉❞②✱ ♣❛rt ✷✿
▼♦r❡ ❞❡t❛✐❧s❀ s❡♥s✐t✐✈✐t② ❛♥❞ ❛❝❝✉r❛❝② ✈❛❧✉❡s ❢r♦♠ t❤❡ ♠❛♥✉❛❧s✳
◆❛♠❡ ❙❡♥s✐t✐✈✐t② ❆❝❝✉r❛❝② P♦✇❡r s✉♣♣❧② ❖✉t♣✉t ▼❡♠♦r②
❉❛t❛ ❧♦❣❣❡r ✷✺✵❍③ ✵✳✶✷✪ ♦❢ r❡❛❞✐♥❣ ✰
♦✛s❡t
12Vdc ±5 ❱❞❝ 2MB ❋❧❛s❤ ✭❖❙✮✱ 4MB
❙❘❆▼ ✭❈P❯✱ ♣r♦❣r❛♠
✫ ❞❛t❛✮
❋❧❛s❤ ▼❡♠♦r②
❉r✐✈❡
✲ ✲ 5Vdc ✲ 2GB
▼✉❧t✐♣❧❡① ✲ ✲ 12Vdc ✲ ✲
❆❧❜❡❞♦♠❡t❡r 285✕2800 nm ±✷✪ ✭❞❛✐❧② ✈❛❧✉❡✮ ✲ 0✕15mV ✲
P②r❛♥♦♠❡t❡r 285✕2800 nm ±✷✪ ✭❞❛✐❧② ✈❛❧✉❡✮ ✲ 0✕15mV ✲
P②r❣❡♦♠❡t❡r 4.5✕42 ➭m ±✶✵✪ ✭❞❛✐❧② ✈❛❧✉❡✮ ✲ −4✕4mV ✲
P②r❛♥♦♠❡t❡r 400✕1100 nm ✲ 0✕120mV ✲
◆❡t✲r❛❞✐♦♠❡t❡r 310✕2800 nm✱
4.5✕42 ➭m
±4✪ ✲ 0✕50mV ✲
❚❤❡r♠♦❝♦✉♣❧❡ ✲ ✲ ✲ ✲
❚❤❡r♠✐st♦r ✲ ± 0.4 ➦C ✲ ✲ ✲
❙❡❧❢ ❝❛❧✐❜r❛t✐♥❣
❤❡❛t ✢✉① ♣❧❛t❡
✲ ±3✪ 12V −10✕20mV ✲
❍❡❛t ✢✉① ♣❧❛t❡ ✲ ✲✶✺✪ t♦ ✰✺✪ ✲ −10✕20mV ✲
❋r❡q✉❡♥❝② ❞♦♠❛✐♥
s♦✐❧ ♠♦✐st✉r❡ s❡♥s♦r
✲ ±1✪ 12V 0✕1V ✲
❚✐♠❡ ❧❛♣s❡ ❝❛♠❡r❛ ❘●❇✱ ❋✐❡❧❞
♦❢ ✈✐❡✇ 43➦✱
❋✐❣✉r❡ ❆✳✶
✷✺✾✷ ① ✶✾✹✹ ♣✐①❡❧ 12V ✲ 16GB ❋❧❛s❤
❙♣❡❝tr♦♠❡t❡r 350✕1000 nm ❘❡❝❤❛r❣❡❛❜❧❡
▲✐t❤✐✉♠✲■♦♥
✭5V✮
✲ 2GB ❋❧❛s❤
❈❡♣t♦♠❡t❡r 400✕700 nm ±✶✵✪ ✶✵ ❆❆ ❆❧❦❛❧✐♥❡
❜❛tt❡r✐❡s
✲ 128MB ❋❧❛s❤
✶✹✶
❆ ▼❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
❚❛❜❧❡ ❆✳✹✿ ❙♣❡❝✐✜❝ s❡♥s♦rs ❛♥❞ ❧♦❣❣❡rs ✉s❡❞ ✐♥ t❤✐s st✉❞②❀ ❲❯❘✿ ❲❛❣❡♥✐♥❣❡♥ ❯❘
✭▼♦♥✐q✉❡ ❍❡✐❥♠❛♥s✮✳
◆❛♠❡ ◆✉♠❜❡r ❖✇♥❡r ❙❡r✐❛❧ ♥✉♠❜❡r
❉❛t❛ ❧♦❣❣❡r ✷ ❯❩❍✱ ❲❯❘ ❊✶✵✺✶✵✴❊✺✻✽✻ ✭❯❩❍✮✱ ✽✵✽✽✴✽✸✶✸ ✭❲❯❘✮
❋❧❛s❤ ▼❡♠♦r② ❉r✐✈❡ ✷ ❯❩❍ ✷✵✼✾✱ ✷✸✷✷
▼✉❧t✐♣❧❡① ✷ ❯❩❍✱ ❲❯❘ ❊✽✷✾✽ ✭❯❩❍✮✱ ✸✷✷✸ ✭❲❯❘✮
❆❧❜❡❞♦♠❡t❡r ✶ ❯❩❍ ✶✷✵✵✽✶
P②r❛♥♦♠❡t❡r ✶ ❯❩❍ ✶✷✼✺✼✾
P②r❣❡♦♠❡t❡r ✶ ❯❩❍ ✶✵✵✷✺✶
P②r❛♥♦♠❡t❡r ✶✵ ❯❩❍ ✶✷✺✾✻✺✱ ✶✷✺✾✻✻✱ ✶✷✺✾✻✼✱ ✶✷✺✾✻✽✱ ✶✷✺✾✻✾✱ ✶✷✺✾✼✵✱ ✶✷✺✾✼✶✱
✶✷✺✾✼✷✱ ✶✷✺✾✼✸✱ ✶✷✺✾✼✹
◆❡t✲r❛❞✐♦♠❡t❡r ✷ ❲❯❘ ✵✼✵✵✶✹✱ ✵✼✵✵✶✺
❚❤❡r♠♦❝♦✉♣❧❡ ✾ ✭✹ ❜r♦❦❡♥✮ ❲❯❘ ✲
❚❤❡r♠✐st♦r ✷✻ ❲❯❘ ✵✼✸✷✻✴✾ ✭❧❡❢t ✐♥ t❤❡ ✜❡❧❞✮✱ ✵✼✸✷✻✴✶✶ ✭❧❡❢t ✐♥ t❤❡ ✜❡❧❞✮✱
✶✺✸✼✼✴✻✱ ✵✼✸✻✶✴✶✵✱ ✵✼✸✷✻✴✼✱ ✶✼✾✶✹✴✷✺✱ ✶✼✾✶✹✴✶✻✱ ✶✼✾✶✹✴✷✸✱
✵✼✸✻✶✴✹✱ ✵✼✸✻✶✴✶✻✱ ✶✼✾✶✹✴✷✶✱ ✶✺✷✶✷✴✸✱ ✶✼✾✶✹✴✶✽✱ ✵✼✸✻✶✴✶✶✱
✶✺✷✶✷✴✶✱ ✶✺✷✶✷✴✶✹✱ ✶✼✾✶✹✴✾✱ ✵✼✸✷✻✴✶✹✱ ✵✼✸✷✻✴✷✵✱ ✵✼✸✻✶✴✽✱
✶✼✾✶✹✴✶✹✱ ✵✼✸✻✶✴✶✸✱ ✵✼✸✷✻✴✻✱ ✶✼✾✶✹✴✷✻✱ ✵✼✸✻✶✴✻✱ ✵✼✸✻✶✴✶✼
❙❡❧❢ ❝❛❧✐❜r❛t✐♥❣ ❤❡❛t
✢✉① ♣❧❛t❡
✷ ❲❯❘ ✵✵✶✸✼✷✱ ✵✵✶✸✼✸
❍❡❛t ✢✉① ♣❧❛t❡ ✶✹ ❲❯❘ ✵✵✷✵✾✼ ✭❜r♦❦❡♥✮✱ ✵✵✷✵✾✽✱ ✵✵✷✵✾✾✱ ✵✵✷✶✵✵✱ ✵✵✷✼✼✾✱ ✵✵✷✼✽✵✱
✵✵✷✼✽✶✱ ✵✵✷✼✽✷✱ ✵✵✼✾✹✱ ✵✵✼✾✶✱ ✵✵✼✾✵✱ ✵✵✼✽✾✱ ✵✵✼✾✺✱ ✵✵✼✽✽
❋r❡q✉❡♥❝② ❞♦♠❛✐♥
s♦✐❧ ♠♦✐st✉r❡ s❡♥s♦r
✹ ❲❯❘ ✲
❚✐♠❡ ❧❛♣s❡ ❝❛♠❡r❛ ✹ ❯❩❍ ●❈✷✵✻✵✵✵✹✻✱ ●❈✷✵✻✵✷✷✽✼✱ ●❈✷✵✻✵✷✷✽✽✱ ●❈✷✵✽✵✶✻✷✷
❙♣❡❝tr♦♠❡t❡r ✶ ❯❩❍ ✵✽✺✶✼
❈❡♣t♦♠❡t❡r ✶ ❯❩❍ ✲
✶✹✷
❆✳✸ ▲❡❛❢ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♠❡❛s✉r❡♠❡♥ts
❆✳✸ ▲❡❛❢ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♠❡❛s✉r❡♠❡♥ts
■ ♠❡❛s✉r❡❞ ❧❡❛❢ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ✇✐t❤ ❛♥ ❖❝❡❛♥ ♦♣t✐❝s ❏❛③ s♣❡❝tr♦♠❡t❡r ❛♥❞ ❛ ❧❡❛❢✲
❝❧✐♣ ❝♦♥s✐st✐♥❣ ♦❢ t✇♦ s♠❛❧❧ ✐♥t❡❣r❛t✐♥❣ s♣❤❡r❡s ✭❙❡❝t✐♦♥ ✹✳❆✳✷✱ ♣❛❣❡ ✽✾✮✳ ❍♦✇❡✈❡r✱
r❛✇ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❧❡❛❢ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ❝♦✉❧❞ ♥♦t ❜❡ ✉s❡❞ ❞✐r❡❝t❧②✱ ❛s t❤❡
s✉♠ ♦❢ r❡✢❡❝t❛♥❝❡ ❛♥❞ tr❛♥s♠✐tt❛♥❝❡ ✇❛s > 1 ❢♦r ♠❛♥② ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤❡ ♥❡❛r
✐♥❢r❛✲r❡❞✳
◆♦ tr❛♥s♠✐tt❛♥❝❡✿ ❯♣♣❡r s♣❤❡r❡
❚❤❡ ✜rst ♦r❞❡r ❝♦rr❡❝t✐♦♥ ✇❛s ❜❛s❡❞ ♦♥ ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✐♦♥ ♦❢ ❧✐❣❤t ✐♥t❡r❛❝t✲
✐♥❣ ✇✐t❤ t❤❡ s❛♠♣❧❡ t✇✐❝❡ ✭x✮✳ ■ ❞✐❞ r❡❣✉❧❛r t❡st ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ t✇♦ r❡✢❡❝t❛♥❝❡
st❛♥❞❛r❞s✱ ♦♥❡ ❛❜♦✉t ✶✵✵✪ r❡✢❡❝t✐♥❣✱ t❤❡ ♦t❤❡r ✺✵✪ ✇✐t❤ t❤❡ ❡①❛❝t s♣❡❝tr❛❧ r❡✲
✢❡❝t❛♥❝❡ ❦♥♦✇♥ ❢r♦♠ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❝❡rt✐✜❝❛t❡s✳
❋✐rst ♦r❞❡r ❛♣♣r♦①✐♠❛t✐♦♥✿
1 = a+ r ✭❆✳✶✮
A = I · a+ x(I · r · a) ✭❆✳✷✮
D1 = I −A ✭❆✳✸✮
= I − I · (a+ x · r · a)
= I · (1− (1− r + x · r(1− r)))
= I · (r − x · r + x · r2)
D1
I
= (1− x) · r + x · r2
0 = −
D1
In · x
+
1− x
x
r + r2
r = −
1− x
2x
±
√(
1− x
2x
)2
+
D1
I · x
✭❆✳✹✮
x =
D1
I
− r
r2 − r
✭❆✳✺✮
❆❧❧ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ❞✐❢✲
❢✉s❡✱ ❤♦✇❡✈❡r✱ ✐♥ t❤❡ s❦❡t❝❤
❥✉st ♦♥❡ ♣♦ss✐❜✐❧✐t② ✐s ✐❧❧✉s✲
tr❛t❡❞✳
I
D1
A
❜❧✉❡✿ ✜rst ✐♥t❡r❛❝t✐♦♥✱ r❡❞✿
s❡❝♦♥❞ ✐♥t❡r❛❝t✐♦♥❀ ❞♦tt❡❞
❧✐♥❡ ❛♥❞ ❢✉rt❤❡r ✐♥t❡r❛❝t✐♦♥s
✇❡r❡ ♥♦t ❝♦♥s✐❞❡r❡❞✳
■♥❝❧✉❞✐♥❣ tr❛♥s♠✐tt❛♥❝❡✿ ❇♦t❤ s♣❤❡r❡s
❆ ♣r♦♣❡r ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ tr❛♥s♠✐tt❛♥❝❡ r❡❛❞✐♥❣s ✇❛s ♥♦t ♣♦ss✐❜❧❡✳ ❚❤✉s✱ ■ ✉s❡❞ t❤❡
❢r❛❝t✐♦♥ ♦❢ ❧✐❣❤t ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ t❤❡ s❛♠♣❧❡ t✇✐❝❡ ✭x✮ ❢r♦♠ t❤❡ ❵♦♥❧② r❡✢❡❝t❛♥❝❡✬ ❝❛s❡
✭❊q✉❛t✐♦♥ ❆✳✺✮✳ ❊q✉❛t✐♦♥s ❆✳✾ ❛♥❞ ❆✳✶✵ ✇❡r❡ s♦❧✈❡❞ ✐t❡r❛t✐✈❡❧②✳ ❆s ✐♥❞❡♣❡♥❞❡♥t
t❡sts✱ ■ ❝♦♠♣❛r❡❞ ❝♦rr❡❝t❡❞ ❧❡❛❢ r❡✢❡❝t❛♥❝❡ s♣❡❝tr❛ ♦❢ t❤❡ s❛♠❡ ❧❡❛❢ ♠❡❛s✉r❡❞ t✇✐❝❡✱
✜rst ♥♦r♠❛❧❧② ❛♥❞ s❡❝♦♥❞ ♦♥ ❛ ♥♦♥✲tr❛♥s♠✐tt✐♥❣ ❜❧❛❝❦ ❜❛❝❦❣r♦✉♥❞✳ ❚❤❡s❡ t❡sts ✇❡r❡
❞♦♥❡ ❢♦r ❛❧❧ ❧❡❛✈❡s ❛♥❞ s❤♦✇❡❞ ❣♦♦❞ ❛❣r❡❡♠❡♥t✳
✶✹✸
❆ ▼❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
❋✐rst ♦r❞❡r ❛♣♣r♦①✐♠❛t✐♦♥✿
1 = a+ r + t ✭❆✳✻✮
A = I · a+ x · I · r1 · a+ x · I · t1 · a
D1 = I · r1(1− x) + I · x · r
2
1
+ I · t1 · x · t2 ✭❆✳✼✮
D2 = I · t1(1− x) + I · x · r1 · t1 + I · t1 · x · r2 ✭❆✳✽✮
0 = I −A−D1 −D2 tested, OK
Solved for r1 = r2 & t1 = t2
0 = t2 −
D1
I · x
+
1− x
x
r + r2
r = −
1− x
2x
±
√(
1− x
2x
)2
+
D1
I · x
− t2 ✭❆✳✾✮
t =
D2
I (1− x+ 2x · r)
✭❆✳✶✵✮
I ■♥❝♦♠✐♥❣ ❧✐❣❤t ❢r♦♠ t❤❡ ❧❛♠♣
A ▲✐❣❤t ❛❜s♦r❜❡❞ ❜② t❤❡ s❛♠♣❧❡
D1, D2 ▲✐❣❤t ❞❡t❡❝t❡❞ ❜② s❡♥s♦r ✶ ♦r ✷
r1, r2 ❋r❛❝t✐♦♥ ♦❢ ❧✐❣❤t r❡✢❡❝t❡❞
❜② s❛♠♣❧❡ s✐❞❡ ✶ ♦r ✷
t1, t2 ❋r❛❝t✐♦♥ ♦❢ ❧✐❣❤t tr❛♥s♠✐tt❡❞
❜② s❛♠♣❧❡ s✐❞❡ ✶ ♦r ✷
a ❋r❛❝t✐♦♥ ♦❢ ❧✐❣❤t ❛❜s♦r❜❡❞ ❜② s❛♠♣❧❡
x 0 < x < 1 ❋r❛❝t✐♦♥ ✐♥t❡r❛❝t✐♥❣ ✇✐t❤
t❤❡ s❛♠♣❧❡ ❛❣❛✐♥
❆❧❧ ✐♥t❡r❛❝t✐♦♥s ❞✐✛✉s❡✳
I
D1
D2
A
❆✳✹ ❚r❛♥s❢♦r♠❛t✐♦♥ ♦❢ ♣r♦❥❡❝t❡❞ t♦ ❡✛❡❝t✐✈❡ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥
■ ❡st✐♠❛t❡❞ t❤❡ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❞✇❛r❢ s❤r✉❜ ❧❡❛✈❡s ❢♦❧❧♦✇✐♥❣ P✐s❡❦ ❡t ❛❧✳
✭✷✵✶✶✮✳ ❚❤✐s ♠❡t❤♦❞ ✉s❡s ❧❡✈❡❧❧❡❞ ♣❤♦t♦❣r❛♣❤s ✐♥ ❛❧❧ ❛③✐♠✉t❤ ❞✐r❡❝t✐♦♥s ❛♥❞ ✈✐s✉❛❧
✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❧❡❛✈❡s t❤❛t ❛r❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ✐♠❛❣❡ ♣❧❛♥❡✳ ❍♦✇❡✈❡r✱ ❢♦r ❞✇❛r❢
❜✐r❝❤ ✇♦♦❞ ❛♥❞ ✇❡t s❡❞❣❡ ❣r❡❡♥ ❧❡❛✈❡s ❛♥❞ st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s ■ ❤❛❞ t♦ ❛❞❛♣t t❤✐s
♠❡t❤♦❞ ❜❡❝❛✉s❡ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ❥✉❞❣❡ ✇❤❡t❤❡r ✇♦♦❞ ❛♥❞ ❧❡❛✈❡s ✇❡r❡ ♣❡r✲
♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ✐♠❛❣❡ ♣❧❛♥❡✳ ❚❤✉s✱ ■ ✐❞❡♥t✐✜❡❞ ❛❧❧ ♦❜❥❡❝ts ✐♥ t❤❡ ♣❤♦t♦❣r❛♣❤s
❛♥❞ tr❛♥s❢♦r♠❡❞ t❤❡ r❡s✉❧t✐♥❣ ❞✐str✐❜✉t✐♦♥ ♦❢ ♣r♦❥❡❝t❡❞ ❛♥❣❧❡s ❜❛❝❦ t♦ ❵r❡❛❧✬ ❛♥✲
❣❧❡s ❛ss✉♠✐♥❣ ❛ r❛♥❞♦♠ ❞✐str✐❜✉t✐♦♥ ♦❢ ❧❡❛❢ ❛③✐♠✉t❤ ❛♥❣❧❡s ✭s❡❡ ❛❧s♦ ❙❡❝t✐♦♥ ✹✳❆✳✷✱
P❛❣❡ ✽✽✮✳
❚❤❡ ❣❡♦♠❡tr✐❝❛❧ ❜❛s✐s ♦❢ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ❆✳✸ ✇✐t❤✿
a, b, c ▲❡❛❢ ❡①t❡♥t ✐♥ ✐♠❛❣❡ ♣❧❛♥❡ ❛♥❞ ♣❡r♣❡♥❞✐❝✉❧❛r
L ▲❡❛❢ ❧❡♥❣t❤
L′ Pr♦❥❡❝t❡❞ ❧❡❛❢ ❧❡♥❣t❤ ✐♥ ✈✐❡✇ ♣❧❛♥❡ ❛s ✐❞❡♥t✐✜❡❞ ❢r♦♠ ♣✐❝t✉r❡s
γ ▲❡❛❢ ❛③✐♠✉t❤ ❛♥❣❧❡ ✭0➦ ❛♥❞ 180➦ ❛r❡ ✐♥ t❤❡ ✐♠❛❣❡ ♣❧❛♥❡✮
ϕ ▲❡❛❢ ③❡♥✐t❤ ❛♥❣❧❡
ϕ′ Pr♦❥❡❝t❡❞ ❧❡❛❢ ③❡♥✐t❤ ❛♥❣❧❡ ❛s ✐❞❡♥t✐✜❡❞ ❢r♦♠ ♣✐❝t✉r❡s
✶✹✹
❆✳✹ ❚r❛♥s❢♦r♠❛t✐♦♥ ♦❢ ♣r♦❥❡❝t❡❞ t♦ ❡✛❡❝t✐✈❡ ❧❡❛❢ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥
a
b
c
L
✕
▲❡
❛❢L
′
ϕ′
ϕ
γ
❋✐❣✉r❡ ❆✳✸✿ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ ϕ ❛♥❞ ♣r♦❥❡❝t❡❞ ϕ′ ❧❡❛❢ ③❡♥✐t❤ ❛♥❣❧❡✳
●❡♦♠❡tr✐❝❛❧ r✉❧❡s✿
tan(ϕ′) =
sin(ϕ) cos(γ)
cos(ϕ)
= tan(ϕ) cos(γ) ✭❆✳✶✶✮
⇒ ϕ′ =
∣∣tan−1 (tan(ϕ) cos(γ))∣∣ ✭❆✳✶✷✮
⇒ γ = cos−1
(
tan(ϕ′)
tan(ϕ)
)
✭❆✳✶✸✮
⇔
dγ
dϕ′
= −
cot(ϕ) sec2(ϕ′)√
1− cot2(ϕ) tan2(ϕ′)
✭❆✳✶✹✮
L′ = L
cos(ϕ)
cos(ϕ′)
✭❆✳✶✺✮
= L
cos(ϕ)
cos (|tan−1 (tan(ϕ) cos(γ))|)
✭❆✳✶✻✮
= L cos(ϕ)
√
tan2(ϕ) cos2(γ) + 1 ✭❆✳✶✼✮
▲❡❛✈❡s t❤❛t ♣♦✐♥t ❛✇❛② ♦r t♦✇❛r❞s t❤❡ ✈✐❡✇❡r ❛♣♣❡❛r s❤♦rt❡r ♦♥ t❤❡ ✐♠❛❣❡s✱ ❞❡♣❡♥❞✲
✐♥❣ ♦♥ t❤❡✐r ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡✳ ❚❤✉s✱ ■ ❡st✐♠❛t❡❞ t❤❡ r❡❞✉❝t✐♦♥ ✐♥ ✈✐s✐❜❧❡ ❧❡❛❢ ❧❡♥❣t❤
✭L′✮ ❞✉❡ t♦ t❤❡ ❛③✐♠✉t❤ ❛♥❣❧❡ ❢♦r ③❡♥✐t❤ ❛♥❣❧❡ ϕi ❛♥❞ r❛♥❞♦♠ ❛③✐♠✉t❤ ❛♥❣❧❡s ❢r♦♠
❊q✉❛t✐♦♥ ❆✳✶✼✿
L′i = L
∑90
γ=0 cos(ϕi)
√
tan2(ϕi) cos2(γ) + 1
n
✭❆✳✶✽✮
✉s✐♥❣ n st❡♣s ❜❡t✇❡❡♥ ✵ ❛♥❞ 90➦
◆✉♠❡r✐❝❛❧ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ✇❡✐❣❤t w ✐♥ t❤❡ s②st❡♠ ♦❢ ❡q✉❛t✐♦♥ t♦ s♦❧✈❡ t♦ ❝♦♥✈❡rt
t❤❡ ♣r♦❥❡❝t❡❞ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ t♦ t❤❡ ❡✛❡❝t✐✈❡ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥ ❢♦r ③❡♥✐t❤ ❛♥❣❧❡
❝❧❛ss ϕi ✭✇✐t❤ ❜✐♥ ✇✐❞t❤ d✮ ❢r♦♠ ❊q✉❛t✐♦♥ ❆✳✶✹✿
vi = real
(
cot(ϕi+d) sec
2(ϕ)√
1− cot2(ϕi+d) tan2(ϕ)
)
✭❆✳✶✾✮
wi =
vi∑
vi
✭❆✳✷✵✮
✶✹✺
❆ ▼❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
✶ ✾✵
vi
ϕi
❋✐❣✉r❡ ❆✳✹✿ ❙❝❤❡♠❛t✐❝ ♦❢ t❤❡ ✇❡✐❣❤ts ♦❢ ❡✛❡❝t✐✈❡ ❛♥❣❧❡s ϕi ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♣r♦✲
❥❡❝t❡❞ ❛♥❣❧❡ ϕ′i✳
❙②st❡♠ ♦❢ ❡q✉❛t✐♦♥s ♦❢ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ϕ ❢r♦♠ t❤❡ ❦♥♦✇♥ ❞✐str✐❜✉t✐♦♥ ♦❢ ϕ′ ✉s✐♥❣
t❤❡ ✇❡✐❣❤t w ✭♦♥❡ ✈❛❧✉❡ ♣❡r ③❡♥✐t❤ ❛♥❣❧❡✮ ❢r♦♠ ❊q✉❛t✐♦♥ ❆✳✷✵✿
P (ϕ′) = wP1(ϕ) ✭❆✳✷✶✮
❙♦❧✈❡❞ ✐♥ ▼❆❚▲❆❇ ✇✐t❤ t❤❡ ❜❛❝❦s❧❛s❤ ♦♣❡r❛t♦r Pforig = w❭Pfproj ✳ ❆s ❛ ❧❛st st❡♣✱
t❤❡ ♥❡✇ ❞✐str✐❜✉t✐♦♥ ✐s ❛❞❥✉st❡❞ ❢♦r t❤❡ r❡❞✉❝❡❞ ✈✐s✐❜❧❡ ❧❡♥❣t❤ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡
③❡♥✐t❤ ❛♥❣❧❡ ❛♥❞ ♥♦r♠❛❧✐s❡❞✿
P2(ϕi) =
P1(ϕi)
L′i
✭❆✳✷✷✮
P (ϕi) =
P2(ϕi)∑
P2
✭❆✳✷✸✮
❚❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❞❡♥s✐t② ❢✉♥❝t✐♦♥ ✐s ❜❛s❡❞ ♦♥ ❧❡❝t✉r❡ ♥♦t❡s ❜② ❑✐♥❣ ✭✷✵✵✸✮✳
❚❤❛♥❦s t♦ ❚✐♠ ●rü♥❜❡r❣ ❢♦r ❤❡❧♣✐♥❣ ✇✐t❤ t❤❡ ❝♦♥❝❡♣t ❛♥❞ t❤❡ ♥✉♠❡r✐❝❛❧ ✐♠♣❧❡♠❡♥✲
t❛t✐♦♥✳
❆✳✺ ◆❉❱■✱ s✉r❢❛❝❡ ♠♦❞❡❧✱ ❛♥❞ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ♦❢ t❤❡ st✉❞② ❛r❡❛
❚❤❡ ❞❡r✐✈❛t✐♦♥ ♦❢ t❤❡ r❡♠♦t❡ s❡♥s✐♥❣ ❞❛t❛ ❛♥❞ ♣r♦❞✉❝ts ✐s ♦♥❧② ❞❡s❝r✐❜❡❞ ❜r✐❡✢②
✐♥ ❙❡❝t✐♦♥ ✹✳✷✳✷✳ ❇❡❧♦✇ ❛r❡ s♦♠❡ ♠♦r❡ ❞❡t❛✐❧s ♦♥ t❤❡ ✜❡❧❞ ♠❡t❤♦❞ ❛♥❞ t❤❡ ❞❛t❛
❛♥❛❧②s✐s✳
■ ❞✐❞ ✷✺ ❞r♦♥❡ ✢✐❣❤ts ♦❢ ❢♦✉r ♦✈❡r❧❛♣♣✐♥❣ s✉❜✲❛r❡❛s ✇✐t❤ ♠♦r❡ t❤❛♥ ✺✵✵✵ ♣❤♦t♦s ❜②
t❤r❡❡ ❞✐✛❡r❡♥t ❈❛♥♦♥ ❙✶✶✵ ❝❛♠❡r❛s✱ ♦♥❡ ✇✐t❤ st❛♥❞❛r❞ r❡❞✲❣r❡❡♥✲❜❧✉❡ ✭❘●❇✮ ❜❛♥❞s✱
✶✹✻
❆✳✺ ◆❉❱■✱ s✉r❢❛❝❡ ♠♦❞❡❧✱ ❛♥❞ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ♦❢ t❤❡ st✉❞② ❛r❡❛
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▲❡❛❢ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ✭➦✮
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❛
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✐❧
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②
❞
❡♥
s✐
t② P❧❛♥♦♣❤✐❧❡
❊r❡❝t♦♣❤✐❧❡
P❧❛❣✐♦♣❤✐❧❡
❊①tr❡♠♦♣❤✐❧❡
❯♥✐❢♦r♠
❙♣❤❡r✐❝❛❧
❋✐❣✉r❡ ❆✳✺✿ Pr♦❜❛❜✐❧✐t② ❞❡♥s✐t② ✭❜✐♥ ✇✐❞t❤✿ 1 rad = 57.3➦✮ ♦❢ ♦❢t❡♥ ✉s❡❞ st❛♥❞❛r❞ ❧❡❛❢
✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ❞✐str✐❜✉t✐♦♥s ✭●♦❡❧ ❛♥❞ ❙tr❡❜❡❧ ✱ ✶✾✽✹✮✳
♦♥❡ ✇✐t❤ ❛ r❡❞ ❡❞❣❡ ✭❘❊✮ ❜❛♥❞ ❛♥❞ ♦♥❡ ✇✐t❤ ❛ ♥❡❛r ✐♥❢r❛✲r❡❞ ✭◆■❘✮ ❜❛♥❞✳ ❚❤❡
♣✐❝t✉r❡s ♦❢ ❡❛❝❤ s✉❜✲❛r❡❛ ✇❡r❡ ♠❡r❣❡❞ t♦ ♦rt❤♦♠♦s❛✐❝s ❛♥❞ ❝❛❧✐❜r❛t❡❞ r❡✢❡❝t❛♥❝❡
♠❛♣s ✭P♦st✢✐❣❤t❚❡rr❛ ✸❉✱ ❱❡rs✐♦♥ ✹✳✵✳✽✸✮ ✉s✐♥❣ ❛ st❛♥❞❛r❞ ❝❛❧✐❜r❛t✐♦♥ ❢♦r ❡❛❝❤
❝❛♠❡r❛✳ ■ r❡❞✉❝❡❞ t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤❡ r❛st❡rs ❢r♦♠ ♦r✐❣✐♥❛❧❧② 4.1✕4.4 cm t♦ 5 cm
♣❡r ♣✐①❡❧ ❛♥❞ ♠❡r❣❡❞ t❤❡ ❢♦✉r ♦✈❡r❧❛♣♣✐♥❣ s✉❜✲❛r❡❛s ✭❊◆❱■✱ ❱❡rs✐♦♥ ✺✳✷✮✳ ❚❤❡
❘●❇ ♦rt❤♦♠♦s❛✐❝ ❝♦✈❡r❡❞ t❤❡ ❡♥t✐r❡ st✉❞② ❛r❡❛ ✭2.8 km2✮ ❛♥❞ t❤❡ ❘❊ ♦rt❤♦♠♦s❛✐❝
❝♦✈❡r❡❞ ✾✻✪ ♦❢ t❤❡ st✉❞② ❛r❡❛✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ❛r❡❛ ✇❛s ✐♥t❡r♣♦❧❛t❡❞ ❢r♦♠ t❤❡ ◆■❘
♦rt❤♦♠♦s❛✐❝✱ ✇❤✐❝❤ ❝♦✈❡r❡❞ t❤✐s ❛r❡❛ ❛♥❞ ❛❞❞✐t✐♦♥❛❧❧② ❛♥ ♦✈❡r❧❛♣♣✐♥❣ ❛r❡❛ ✇✐t❤ t❤❡
❘❊ ♦rt❤♦♠♦s❛✐❝ ♦❢ ❛❜♦✉t 0.3 km2✳ ❋r♦♠ t❤✐s ♦✈❡r❧❛♣♣✐♥❣ ❛r❡❛✱ ■ ❛❧s♦ ❝♦♠♣✉t❡❞ t❤❡
❝♦♥✈❡rs✐♦♥ ❢r♦♠ ❘❊ t♦ ◆■❘ t♦ ❝♦♠♣✉t❡ t❤❡ ◆❉❱■✳
❚❤❡ ❉❙▼s ♦❢ t❤❡ ❢♦✉r s✉❜✲❛r❡❛s ✇❡r❡ ❝r❡❛t❡❞ ❞✉r✐♥❣ t❤❡ ♠♦s❛✐❝❦✐♥❣✳ ❇❡❢♦r❡
❥♦✐♥✐♥❣ t❤❡ s✉❜✲❛r❡❛s✱ ■ r❡♠♦✈❡❞ t❤❡ ♦✛s❡t ❛♠♦♥❣ t❤❡♠ ✭▼❆❚▲❆❇✱ ❱❡rs✐♦♥ ❘✷✵✶✺❛✱
❋✐❣✉r❡ ❆✳✻✮✳
❚♦ tr❛✐♥ ❛♥❞ ✈❛❧✐❞❛t❡ t❤❡ ✈❡❣❡t❛t✐♦♥ ♠❛♣✱ ■ ✈✐s✉❛❧❧② s❡❧❡❝t❡❞ ✶✽✼ ♣♦✐♥ts ✐♥ t❤❡
st✉❞② ❛r❡❛ ✇❤✐❝❤ ✇❡r❡ ❝❧❡❛r❧② ✇✐t❤✐♥ ♦♥❡ ✈❡❣❡t❛t✐♦♥ t②♣❡ ❛♥❞ ❡st✐♠❛t❡❞ t❤❡ r❛❞✐✉s
❢♦r ✇❤✐❝❤ ❡❛❝❤ ♣♦✐♥t ✇❛s r❡♣r❡s❡♥t❛t✐✈❡ ✭❚❛❜❧❡ ❆✳✺✱ ♣♦✐♥t s✐③❡ ✐♥ ❋✐❣✉r❡ ✹✳✶❜✮✳ ❆s
■ ✇❛s ✉s✐♥❣ ❛ ❤❛♥❞✲❤❡❧❞ ●P❙ ✇✐t❤ ±3m ❛❝❝✉r❛❝②✱ ■ ♥❡❡❞❡❞ t♦ ✈❛❧✐❞❛t❡ t❤❡ ♣♦✐♥t
❧♦❝❛t✐♦♥s ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡ ♦rt❤♦♠♦s❛✐❝✳ ■ r❡♠♦✈❡❞ ♣♦✐♥ts t❤❛t ❧❛② ♦✉ts✐❞❡ t❤❡
✈❡❣❡t❛t✐♦♥ t②♣❡ ✐♥ q✉❡st✐♦♥ ✭✷✷ ♣♦✐♥ts✮ ❛♥❞ s❤✐❢t❡❞ ♣♦✐♥ts ✇❤✐❝❤ ❧❛② ♦♥ t❤❡ ❜♦r❞❡r
♦❢ ❛ ✈❡❣❡t❛t✐♦♥ ♣❛t❝❤ ✭✸✷ ♣♦✐♥ts✮✳ ❋♦r ✹✵ ♣♦✐♥ts✱ ■ r❡❞✉❝❡❞ t❤❡ s✐③❡ ♦❢ t❤❡ ❡st✐♠❛t❡❞
r❛❞✐✉s ❜❡❝❛✉s❡ t❤❡② ✐♥t❡rs❡❝t❡❞ ✇✐t❤ ♦t❤❡r ✈❡❣❡t❛t✐♦♥ t②♣❡s ♦♥ t❤❡ ♦rt❤♦♠♦s❛✐❝✳
✶✹✼
❆ ▼❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
❆❧t✐t✉❞❡
❛✳s✳❧✳
30m
7m
✵ 500m
↑◆
❋✐❣✉r❡ ❆✳✻✿ ❉✐❣✐t❛❧ s✉r❢❛❝❡ ♠♦❞❡❧ ♦❢ t❤❡ st✉❞② ❛r❡❛ ✭1.4 km× 2 km✮✳
❍❛❧❢ ♦❢ t❤❡ ♣♦✐♥ts ✇❡r❡ ✉s❡❞ ❢♦r tr❛✐♥✐♥❣ ♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ ❝❧❛ss✐✜❡r✱ t❤❡ ♦t❤❡r ❤❛❧❢
❢♦r ✈❛❧✐❞❛t✐♥❣ t❤❡ ✜♥❛❧ ♠❛♣✳ ■ ❝❤♦s❡ ❛❞❞✐t✐♦♥❛❧ ✇❛t❡r tr❛✐♥✐♥❣ ♣♦✐♥ts ❜❛s❡❞ ♦♥ t❤❡
♦rt❤♦♠♦s❛✐❝ ❛s t❤❡② ✇❡r❡ ❞✐✣❝✉❧t t♦ ❛❝❝❡ss ✐♥ t❤❡ ✜❡❧❞✳
■ ❝❧❛ss✐✜❡❞ t❤❡ ✈❡❣❡t❛t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ ❢♦✉r ✐♠❛❣❡ ❜❛♥❞s ✭❘●❇ ❛♥❞ ❘❊✮ ❛s ✇❡❧❧ ❛s
❤✉❡ ❛♥❞ s❛t✉r❛t✐♦♥✱ ✇❤✐❝❤ ■ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❘●❇ ✐♠❛❣❡✳ ■ ❛❞❞✐t✐♦♥❛❧❧② ✉s❡❞ t❤❡
❡♥tr♦♣② ♦❢ t❤❡ ❤✉❡ ✐♠❛❣❡ ❛s s❡✈❡♥t❤ ✐♥♣✉t ❝❤❛♥♥❡❧✳ ❋♦r ♠♦r❡ r♦❜✉st ♠❛♣♣✐♥❣ r❡s✉❧ts✱
■ r❡❞✉❝❡❞ t❤❡ ✐♠❛❣❡ r❡s♦❧✉t✐♦♥ t♦ 15 cm✳ ❚❤❡ s✉♣❡r✈✐s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ✇❛s ❞♦♥❡
✇✐t❤ ❛ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞ ❝❧❛ss✐✜❡r ✭❊◆❱■✱ ❱❡rs✐♦♥ ✺✳✷✮✳ ■♥ t❤❡ ♣♦st✲♣r♦❝❡ss✐♥❣✱ ■
r❡str✐❝t❡❞ ❧♦✇ s❤r✉❜s ✭❙✷✮ t♦ ❛r❡❛s ❝❧♦s❡ t♦ r✐✈❡rs ❛♥❞ ✢♦♦❞♣❧❛✐♥s✳ ■♥ ♦r❞❡r t♦ r❡❞✉❝❡
t❤❡ ♥✉♠❜❡r ♦❢ ♣❛t❝❤❡s s♠❛❧❧❡r t❤❛♥ ✹ ♣✐①❡❧s✱ ■ s❡q✉❡♥t✐❛❧❧② ❛ss✐❣♥❡❞ t❤♦s❡ ♣✐①❡❧s t♦
❝❧❛ss❡s ✇✐t❤ ❛ s✐♠✐❧❛r ❧✐❦❡❧✐❤♦♦❞ ✐❢ t❤❛t ✐♥❝r❡❛s❡❞ t❤❡ ♣❛t❝❤ s✐③❡✳
❋♦r ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♦t❤❡r t✉♥❞r❛ ♠❛♣s✱ ■ ❛❣❣r❡❣❛t❡❞ t❤❡ ♥✐♥❡ ♦r✐❣✐♥❛❧ ❝❧❛ss❡s
t♦ ❢♦✉r ❝❧❛ss❡s ❛s ❞❡✜♥❡❞ ❜② t❤❡ ❝✐r❝✉♠♣♦❧❛r ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✭❲❛❧❦❡r ❡t ❛❧✳✱
✷✵✵✺✮✳ ❚❤❡s❡ ❛r❡ t✉ss♦❝❦✲ s❡❞❣❡✱ ❞✇❛r❢ s❤r✉❜✱ ♠♦ss t✉♥❞r❛ ✭●✹✮✱ ❡r❡❝t ❞✇❛r❢ s❤r✉❜
t✉♥❞r❛ ✭❙✶✲✶✱ ❙✶✲✷✮✱ ❧♦✇ s❤r✉❜ t✉♥❞r❛ ✭❙✷✮✱ ❛♥❞ s❡❞❣❡✱ ♠♦ss✱ ❞✇❛r❢ s❤r✉❜ ✇❡t❧❛♥❞
✭❲✷✲✶✱ ❲✷✲✷✱ ❲✷✲✸✱ ❲✷✲✹✱ ❛♥❞ s❤❛❧❧♦✇ ✇❛t❡r✮✳ ❋♦r t❤❡s❡ ❢♦✉r ❝❧❛ss❡s ■ ♦❜t❛✐♥❡❞ ❛♥
♦✈❡r❛❧❧ ❛❝❝✉r❛❝② ♦❢ ✻✺✪ ❛♥❞ ❛ ❑❛♣♣❛ ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✺✸ ✉s✐♥❣ ❛♥ ❡q✉❛❧ ❛♠♦✉♥t ♦❢
✈❛❧✐❞❛t✐♦♥ ♣✐①❡❧s ♣❡r ❝❧❛ss✳ ❚❤❡ ❜❡st ❛❝❝✉r❛❝② ✇❛s ❛❝❤✐❡✈❡❞ ❜② ✐♥❝❧✉❞✐♥❣ t❤❡ ❧✐❝❤❡♥✲
✶✹✽
❆✳✺ ◆❉❱■✱ s✉r❢❛❝❡ ♠♦❞❡❧✱ ❛♥❞ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ♦❢ t❤❡ st✉❞② ❛r❡❛
❚❛❜❧❡ ❆✳✺✿ ❱❡❣❡t❛t✐♦♥ ❝❧❛ss❡s ❢r♦♠ t❤❡ ❝✐r❝✉♠♣♦❧❛r ❆r❝t✐❝ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✭❲❛❧❦❡r
❡t ❛❧✳✱ ✷✵✵✺✮ ❛♥❞ s✉❜✲❝❧❛ss❡s ❛s ❞❡✜♥❡❞ ❢♦r t❤✐s st✉❞② ❜❛s❡❞ ♦♥ ❞✐✛❡r❡♥❝❡s ✐♥ s♣❡❝✐❡s
❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❝❛♥♦♣② ♣r♦♣❡rt✐❡s❀ ♥✉♠❜❡r ♦❢ r❡❢❡r❡♥❝❡ ♣♦✐♥ts ✐♥ t❤❡ ✜❡❧❞ ❛♥❞ ❛r❡❛
❢♦r ✇❤✐❝❤ t❤❡ ♣♦✐♥ts ❛r❡ r❡♣r❡s❡♥t❛t✐✈❡✳
❈❧❛ss ❙✉❜✲
❝❧❛ss
❉❡s❝r✐♣t✐♦♥ ❘❡❢❡r✲
❡♥❝❡
♣♦✐♥ts
❆r❡❛
✭m2✮
●✹ ❚✉ss♦❝❦✲s❡❞❣❡ ✭❊r✐♦♣❤♦r✉♠ ✈❛❣✐♥❛t✉♠✮✱ ❞✇❛r❢
s❤r✉❜✱ ♠♦ss t✉♥❞r❛
✷✵ ✻✼✽✺
❙✶ ❊r❡❝t ❞✇❛r❢ s❤r✉❜ t✉♥❞r❛ ✭< 40 cm✮
❙✶✲✶ ❉✇❛r❢ ❜✐r❝❤ ✭❇❡t✉❧❛ ♥❛♥❛✮ ❞♦♠✐♥❛t❡❞ ✸✹ ✻✵✵
❙✶✲✷ ▲✐❝❤❡♥✲r✐❝❤ s❤r✉❜✱ ❱❛❝❝✐♥✐✉♠ s♣♣✳ ❞♦♠✐♥❛t❡❞ ✷✼ ✾✾
❙✷ ▲♦✇ s❤r✉❜ t✉♥❞r❛ ✭> 40 cm✱ ❙❛❧✐① ♣✉❧❝❤r❛✮ ✼ ✶✶✻✾
❲✷ ❙❡❞❣❡✱ ♠♦ss✱ ❞✇❛r❢ s❤r✉❜ ✭< 40 cm✮ ✇❡t❧❛♥❞
❲✷✲✶ ❲❡t s❡❞❣❡✱ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ❞♦♠✐♥❛t❡❞✱
❞❡♥s❡✱ ❣r❡❡♥
✶✻ ✺✺
❲✷✲✷ ❉r② s❡❞❣❡✱ ❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠ ❛♥❞ ❙♣❤❛❣♥✉♠
s♣♣✳ ❞♦♠✐♥❛t❡❞
✷✻ ✶✷✵
❲✷✲✸ P❡❛t ♠♦ss ✭❙♣❤❛❣♥✉♠ s♣♣✳✮ ❞♦♠✐♥❛t❡❞ ✷✶ ✼✸
❲✷✲✹ ❲❛t❡r❧♦❣❣❡❞ s❡❞❣❡✱ ❈❛r❡① s♣♣✳ ❞♦♠✐♥❛t❡❞✱ ❢❡✇
st❛♥❞✐♥❣ ❞❡❛❞ ❧❡❛✈❡s
✾ ✶✵✶
❖♣❡♥ ✇❛t❡r ✺ ✸✷
❚❖❚❆▲ ✶✻✺ ✾✵✸✺
r✐❝❤ s❤r✉❜ t✉♥❞r❛ ✭❙✶✲✷✮ ✐♥ t❤❡ t✉ss♦❝❦ t✉♥❞r❛ ❝❧❛ss ✭●✹✮✳ ❚❤❡ ♠❛♣ ✇✐t❤ ❢♦✉r ❝❧❛ss❡s
❛❣❣r❡❣❛t❡❞ ✐♥ t❤✐s ✇❛② ❤❛❞ ❛♥ ♦✈❡r❛❧❧ ❛❝❝✉r❛❝② ♦❢ ✼✹✪ ❛♥❞ ❛ ❑❛♣♣❛ ❝♦❡✣❝✐❡♥t ♦❢
✵✳✻✺ ✭❚❛❜❧❡ ❆✳✻✮✳
❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❛❝❝✉r❛❝② ✇❛s ❧♦✇❡r t❤❛♥ ✐♥ ♦t❤❡r st✉❞✐❡s ❝❧❛ss✐❢②✐♥❣ t✉♥❞r❛ ✈❡❣✲
❡t❛t✐♦♥ ✉s✐♥❣ ♦rt❤♦♠♦s❛✐❝s ✭▲❛♥t③ ❡t ❛❧✳✱ ✷✵✶✵❀▼✉st❡r ❡t ❛❧✳✱ ✷✵✶✷✮ ♦r ❤✐❣❤ r❡s♦❧✉t✐♦♥
s❛t❡❧❧✐t❡ ✐♠❛❣❡r② ✭❆t❦✐♥s♦♥ ❛♥❞ ❚r❡✐t③ ✱ ✷✵✶✷❀ ❱✐rt❛♥❡♥ ❛♥❞ ❊❦ ✱ ✷✵✶✹❀ ❙✐❡✇❡rt ❡t ❛❧✳✱
✷✵✶✺✮✳ ❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞✐✣❝✉❧t✐❡s ✇❡r❡ ❞✉❡ t♦ t❤r❡❡ ♠❛✐♥ r❡❛s♦♥s✳ ❋✐rst✱ ■ ✇❛s ♥♦t
❛❜❧❡ t♦ ❝♦❧❧❡❝t ✇❛t❡r r❡❢❡r❡♥❝❡ ♣♦✐♥ts ✐♥ ❞❡❡♣ ♣♦♥❞s ♦r t❤❡ r✐✈❡r✳ ■ ❛❞❞❡❞ ❛❞❞✐t✐♦♥❛❧
♣♦✐♥ts r❡♣r❡s❡♥t✐♥❣ ❞❡❡♣ ✇❛t❡r t♦ t❤❡ tr❛✐♥✐♥❣ ❞❛t❛ ❜❛s❡❞ ♦♥ ✈✐s✉❛❧ ✐♥s♣❡❝t✐♦♥ ♦❢ t❤❡
♦rt❤♦♠♦s❛✐❝✳ ❚❤✉s✱ t❤❡ ❝❧❛ss✐✜❡r ✇❛s tr❛✐♥❡❞ ♦♥ ♣♦✐♥ts ✇❤✐❝❤ ✐♥❝❧✉❞❡❞ ❞❡❡♣ ✇❛t❡r
❜♦❞✐❡s ✐♥ t❤❡ ✇❛t❡r ❝❧❛ss✳ ❙❤❛❧❧♦✇ ✇❛t❡r ✇❛s ♠♦st❧② ❝❧❛ss✐✜❡❞ ❛s ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s
✭❲✷✲✹✮✳ ❆s ■ ❞✐❞ ♥♦t ❛❞❞ ❛❞❞✐t✐♦♥❛❧ ♣♦✐♥ts t♦ t❤❡ ✈❛❧✐❞❛t✐♦♥ ❞❛t❛✱ t❤❡ ❝❧❛ss✐✜❝❛✲
t✐♦♥ ❛❝❝✉r❛❝② ♦❢ ✇❛t❡r ✇❛s ♦♥❧② ❝♦♠♣✉t❡❞ ❢♦r s❤❛❧❧♦✇ ♣♦♥❞s ✇❤✐❝❤ ■ ✇❛s ❛❜❧❡ t♦
❛❝❝❡ss ✐♥ t❤❡ ✜❡❧❞✳ ●✐✈❡♥ t❤❡ t②♣✐❝❛❧❧② ❧♦✇ ✈❡❣❡t❛t✐♦♥ ❞❡♥s✐t② ♦❢ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s
❛♥❞ t❤❡ str♦♥❣ ❜❛❝❦❣r♦✉♥❞ ❡✛❡❝ts ✐♥ ❜♦t❤✱ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ❛♥❞ s❤❛❧❧♦✇ ✇❛t❡r✱
✶✹✾
❆ ▼❡❛s✉r❡♠❡♥t s❡t✲✉♣ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
❚❛❜❧❡ ❆✳✻✿ ❈♦♥❢✉s✐♦♥ ♠❛tr✐① ♦❢ t❤❡ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ✇✐t❤ ❛❣❣r❡❣❛t❡❞ ✈❡❣❡t❛t✐♦♥ ❝❧❛ss❡s✱
r❛♥❞♦♠ s✉❜s❡t ♦❢ t❤❡ ✈❛❧✐❞❛t✐♦♥ ❞❛t❛ ✇✐t❤ ❛♥ ❡q✉❛❧ ♥✉♠❜❡r ♦❢ ✈❛❧✐❞❛t✐♦♥ ♣✐①❡❧s ♣❡r
❝❧❛ss❀ ✭❛✮ ❢♦r ✈❡❣❡t❛t✐♦♥ s✉❜✲❝❧❛ss ❙✶✲✷ ✐♥❝❧✉❞❡❞ ✐♥ ❙✶ ❛♥❞ ✭❜✮ ❢♦r ❙✶✲✷ ✐♥❝❧✉❞❡❞ ✐♥ ●✹✳
✭❛✮ ❙✶✲✷ ✐♥❝❧✉❞❡❞ ✐♥ ❙✶ ✭❜✮ ❙✶✲✷ ✐♥❝❧✉❞❡❞ ✐♥ ●✹
▼❛♣ Pr♦❞✉❝❡r✬s ▼❛♣ Pr♦❞✉❝❡r✬s
●✹ ❙✶ ❙✷ ❲✷ ❛❝❝✉r❛❝② ✭✪✮ ●✹ ❙✶ ❙✷ ❲✷ ❛❝❝✉r❛❝② ✭✪✮
●
r♦
✉
♥
❞
tr
✉
t❤ ●✹ ✶✼✽✵ ✼✶✵✺ ✵ ✾✷✹ ✶✽ ●✹ ✼✵✼✷ ✺✹✷ ✵ ✽✶✷ ✽✹
❙✶ ✶✾✵✼ ✼✵✵✾ ✵ ✽✾✸ ✼✷ ❙✶ ✹✸✹✽ ✸✹✹✻ ✵ ✻✸✷ ✹✶
❙✷ ✷✸ ✺✾✾ ✽✹✷✵ ✼✻✼ ✽✻ ❙✷ ✷✻ ✹✽✽ ✼✷✷✹ ✻✽✽ ✽✻
❲✷ ✷✶✶ ✶✷✼✹ ✵ ✽✸✷✹ ✽✺ ❲✷ ✾✽✸ ✷✽✶ ✵ ✼✶✻✷ ✽✺
❯s❡r✬s
✹✺ ✹✹ ✶✵✵ ✼✻
❖✈❡r❛❧❧
✺✼ ✼✷ ✶✵✵ ✼✼
❖✈❡r❛❧❧
❛❝❝✉r❛❝②
✻✺✪ ✼✹✪
✭✪✮
t❤✐s ❝❧❛ss✐✜❝❛t✐♦♥ ✐♠♣r❡❝✐s✐♦♥ ✐s ♥♦t ♣r♦❜❧❡♠❛t✐❝ ❛♥❞ ♠❛✐♥❧② ❞✉❡ t♦ s✉❜♦♣t✐♠❛❧ ✜❡❧❞
s❛♠♣❧✐♥❣ ♦❢ r❡❢❡r❡♥❝❡ ♣♦✐♥ts✳
❙❡❝♦♥❞✱ t❤❡ s✉❜✲❝❧❛ss❡s ❞r② s❡❞❣❡s ✭❲✷✲✷✮ ❛♥❞ ♣❡❛t ♠♦ss ✭❲✷✲✸✮ ✇❡r❡ ♦❢t❡♥ ♠✐s✲
❝❧❛ss✐✜❡❞ ❜❡❝❛✉s❡ t❤❡② ❛♣♣❡❛r❡❞ ✈❡r② s✐♠✐❧❛r ♦♥ t❤❡ ♦rt❤♦♠♦s❛✐❝✳ ❲❤✐❧❡ ♣❡❛t ♠♦ss
♦❝❝✉rr❡❞ ✐♥ ❜♦t❤ ❝❧❛ss❡s✱ t❤❡ ❝❧❛ss❡s ❝♦✉❧❞ ❜❡ ❞✐st✐♥❣✉✐s❤❡❞ ✐♥ t❤❡ ✜❡❧❞ ❜❛s❡❞ ♦♥ t❤❡
❝♦✈❡r ♦❢ s❡❞❣❡s✳ ❍♦✇❡✈❡r✱ ❞r② s❡❞❣❡s ❤❛✈❡ ❛ ❤✐❣❤ ❝♦✈❡r ♦❢ ❧✐❣❤t✲❝♦❧♦✉r❡❞ st❛♥❞✐♥❣
❞❡❛❞ ❧❡❛✈❡s✱ ✇❤✐❝❤ ❤❛✈❡ ❛ s✐♠✐❧❛r r❡✢❡❝t❛♥❝❡ ❛s ♣❡❛t ♠♦ss ❛r❡❛s✳ ❚❤❡ ❛❧❜❡❞♦ ♦❢ ❲✷✲
✷ ❛♥❞ ❲✷✲✸ ✇❛s ❛❧♠♦st ✐❞❡♥t✐❝❛❧ ✭❋✐❣✉r❡ ✹✳✼✮✳ ❚❤❡s❡ t✇♦ s✉❜✲❝❧❛ss❡s ✇❡r❡ ♠❛✐♥❧②
❞✐st✐♥❣✉✐s❤❡❞ ❢♦r ♠♦❞❡❧❧✐♥❣ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ❛♥❞ ❛❜s♦r♣t❛♥❝❡ ❛♥❞ s❤♦✉❧❞ ❜❡
♠❡r❣❡❞ ✐♥ ❛ ✈❡❣❡t❛t✐♦♥ ♠❛♣✳
❚❤✐r❞ ❛♥❞ ♠♦st ✐♠♣♦rt❛♥t❧②✱ ❡r❡❝t ❞✇❛r❢ s❤r✉❜ t✉♥❞r❛ ✭❙✶✲✶ ❛♥❞ ❙✶✲✷✮ ❝❛♥♥♦t ❜❡
❝❧❡❛r❧② ❞✐st✐♥❣✉✐s❤❡❞ ❢r♦♠ t✉ss♦❝❦ s❡❞❣❡ t✉♥❞r❛ ✭●✹✮ ❜② t❤❡ ❝❧❛ss✐✜❡r✳ ❚❤✐s ❞✐✣❝✉❧t②
❤❛s ❜❡❡♥ ♣♦✐♥t❡❞ ♦✉t ❜② ❙✐❡✇❡rt ❡t ❛❧✳ ✭✷✵✶✺✮ ✐♥ ❛ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❛ ●❡♦❊②❡✲✶ s❛t❡❧❧✐t❡
✐♠❛❣❡ ♦❢ t❤❡ s❛♠❡ ✜❡❧❞ s✐t❡✳ ❙❡✈❡r❛❧ ♦t❤❡r st✉❞✐❡s ❞♦ ♥♦t ❞✐st✐♥❣✉✐s❤✱ ♦r ❞♦ ♥♦t ❤❛✈❡✱
t✉ss♦❝❦ t✉♥❞r❛ ✭▲❛♥t③ ❡t ❛❧✳✱ ✷✵✶✵❀ ❆t❦✐♥s♦♥ ❛♥❞ ❚r❡✐t③ ✱ ✷✵✶✷❀ ▼✉st❡r ❡t ❛❧✳✱ ✷✵✶✷❀
❱✐rt❛♥❡♥ ❛♥❞ ❊❦ ✱ ✷✵✶✹✮✳ ❙❝❤♥❡✐❞❡r ❡t ❛❧✳ ✭✷✵✵✾✮ ✐♥❝❧✉❞❡❞ t✉ss♦❝❦ s❡❞❣❡s ✐♥ t❤❡✐r
✈❡❣❡t❛t✐♦♥ ♠❛♣✱ ❜✉t ♥♦t ✐♥ t❤❡ ❛❝❝✉r❛❝② ❛ss❡ss♠❡♥t ✇❤✐❝❤ ❛ss❡ss❡❞ ♦♥❧② s❡✈❡♥ ♦❢
♥✐♥❡ ❝❧❛ss❡s✳ ❚❤❡ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥ ❧✐❝❤❡♥✲r✐❝❤ s❤r✉❜s ❛♥❞ t✉ss♦❝❦ t✉♥❞r❛ ✐s ❛
❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ s✐♠✐❧❛r✐t② ♦❢ t❤❡ t✇♦ ❝❧❛ss❡s ✐♥ t❡r♠s ♦❢ s♣❡❝✐❡s ❝♦♠♣♦s✐t✐♦♥✳ ❚❤❡
♠❛❥♦r ❞✐✛❡r❡♥❝❡ ✐s t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❊r✐♦♣❤♦r✉♠ ✈❛❣✐♥❛t✉♠✱ ❛ t✉ss♦❝❦ ❢♦r♠✐♥❣ s❡❞❣❡✳
❍♦✇❡✈❡r✱ t❤✐s s❡❞❣❡ ❤❛s ❛ ❧♦✇ ❧❡❛❢ ❛r❡❛ ❛♥❞ ❝❛♥♦♣② ❤❡✐❣❤t ❛t t❤❡ s✐t❡ ✭❚❛❜❧❡ ✹✳✸✮ ❛♥❞
t❤✉s ❞♦❡s ♥♦t ❞♦♠✐♥❛t❡ t❤❡ s✉r❢❛❝❡ r❡✢❡❝t❛♥❝❡✳ ❆s ■ ♠♦❞❡❧❧❡❞ ✈❡r② s✐♠✐❧❛r ❛❧❜❡❞♦
✈❛❧✉❡s ❢♦r ❙✶✲✷ ❛♥❞ ●✹✱ ❧❛♥❞s❝❛♣❡ s❝❛❧❡ ❛❧❜❡❞♦ ✐s ✐♥s❡♥s✐t✐✈❡ t♦ ♠✐s❝❧❛ss✐✜❝❛t✐♦♥
❜❡t✇❡❡♥ t❤❡s❡ ❝❧❛ss❡s✳
❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❛❝❝✉r❛❝② ❝♦✉❧❞ ♣♦t❡♥t✐❛❧❧② ❜❡ ✐♠♣r♦✈❡❞ ❜② ✐♥❝❧✉❞✐♥❣ t❤❡ ◆❉❱■✳
✶✺✵
❆✳✺ ◆❉❱■✱ s✉r❢❛❝❡ ♠♦❞❡❧✱ ❛♥❞ ✈❡❣❡t❛t✐♦♥ ♠❛♣ ♦❢ t❤❡ st✉❞② ❛r❡❛
❍♦✇❡✈❡r✱ ■ ✉s❡❞ t❤❡ ◆❉❱■ t♦ s♣❛t✐❛❧❧② ❡①tr❛♣♦❧❛t❡ ♠♦❞❡❧ ✐♥♣✉t ✈❛r✐❛❜❧❡s ❛♥❞ t❤✉s
❛✈♦✐❞❡❞ ❝✐r❝✉❧❛r r❡❛s♦♥✐♥❣ ❜② ♥♦t ✐♥❝❧✉❞✐♥❣ ◆❉❱■ ✐♥ t❤❡ ✈❡❣❡t❛t✐♦♥ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❆
s❡❝♦♥❞ ♣♦t❡♥t✐❛❧ ❝❧❛ss✐✜❝❛t✐♦♥ ✐♥♣✉t ✐s ♠✐❝r♦t♦♣♦❣r❛♣❤②✳ ❍♦✇❡✈❡r✱ ■ ✉s❡❞ t♦♣♦❣r❛✲
♣❤② ❛s ✐♥♣✉t ❢♦r t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❛♥❞ t❤✉s ✇❛♥t❡❞ t♦ ❦❡❡♣ t❤❡ ✈❡❣❡t❛t✐♦♥
❝❧❛ss✐✜❝❛t✐♦♥ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ t♦♣♦❣r❛♣❤②✳ ❙♣❡❝tr❛❧❧② s✐♠✐❧❛r ✈❡❣❡t❛t✐♦♥ ❝❧❛ss❡s
❝♦✉❧❞ ❛❧s♦ ❤❛✈❡ ❜❡❡♥ ❛✈♦✐❞❡❞ ✉s✐♥❣ ❛♥ ✉♥s✉♣❡r✈✐s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ❛♣♣r♦❛❝❤ ✭❆t❦✐♥✲
s♦♥ ❛♥❞ ❚r❡✐t③ ✱ ✷✵✶✷✮✳ ❍♦✇❡✈❡r✱ ✉♥s✉♣❡r✈✐s❡❞ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ t✉♥❞r❛ ❛r❡❛s ❞♦❡s ♥♦t
♥❡❝❡ss❛r✐❧② ②✐❡❧❞ ❤♦♠♦❣❡♥❡♦✉s ✈❡❣❡t❛t✐♦♥ ❝❧❛ss❡s ✭❙❝❤♥❡✐❞❡r ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❋✉rt❤❡r✲
♠♦r❡✱ ■ ❝♦❧❧❡❝t❡❞ ✐♥♣✉t ❞❛t❛ ❢♦r t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧ ❢♦r s♣❡❝✐✜❝ ✈❡❣❡t❛t✐♦♥
❝❧❛ss❡s ✐♥ t❤❡ ✜❡❧❞ ❛♥❞ t❤✉s ✇❛s r❡str✐❝t❡❞ t♦ t❤♦s❡ ❢♦r t❤❡ ♠♦❞❡❧❧✐♥❣✳
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❇ ❘❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣
❇✳✶ ❉❆❘❚ ✈❛❧✐❞❛t✐♦♥ ❢♦r ❛❧❧ ✈❡❣❡t❛t✐♦♥ t②♣❡s
❈❛♥♦♣② r❡✢❡❝t❛♥❝❡
❋♦r ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ r❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧✱ ✇❡ ♠❡❛s✉r❡❞ ❝❛♥♦♣② r❡✢❡❝t❛♥❝❡ ♦❢ ❛❧❧
✈❡❣❡t❛t✐♦♥ ❝❧❛ss❡s ✇❤✐❝❤ ✇❡ s✐♠✉❧❛t❡❞ ✇✐t❤ t✉r❜✐❞ ♠❡❞✐❛ ✈❡❣❡t❛t✐♦♥ ✭❋✐❣✉r❡ ❇✳✶✮✳
❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❞♦♥❡ ✐♥ t❤❡ ✜❡❧❞ ✇✐t❤ ❛ s♣❡❝tr♦♠❡t❡r ✭❋✐❡❧❞s♣❡❝✹✱ ❆❙❉ ■♥❝✳✮
✐♥ t❤❡ s❛♠❡ ✇❛② ❛s t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❜❛❝❦❣r♦✉♥❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ✭❙❡❝t✐♦♥ ✹✳✷✳✸✱
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❋✐❣✉r❡ ❇✳✶✿ ▼❡❛♥ ♠❡❛s✉r❡❞ ❝❛♥♦♣② r❡✢❡❝t❛♥❝❡❀ t❤❡ ❞♦ts ✐♥❞✐❝❛t❡ ❉❆❘❚ s✐♠✉❧❛t✐♦♥
r❡s✉❧ts ❢♦r ▼❖❉■❙ ❜❛♥❞s ✶✕✼ ✭❣r❡②✮✳
❚❤❡ str♦♥❣❡st ❞❡✈✐❛t✐♦♥ ✇❛s ❜❡t✇❡❡♥ s✐♠✉❧❛t✐♦♥s ❛♥❞ ♦❜s❡r✈❛t✐♦♥s ♦❢ ✇❛t❡r❧♦❣❣❡❞
s❡❞❣❡s ✭❲✷✲✹✮✳ ❍♦✇❡✈❡r✱ ✇❡ ❞✐❞ ♥♦t ❤❛✈❡ ❣♦♦❞ ❡st✐♠❛t❡s ♦❢ t❤❡ ❧❡❛❢ ❛r❡❛ ✐♥❞❡①
❢♦r t❤✐s ❝❧❛ss✱ ❡s♣❡❝✐❛❧❧② ♥♦t ❛t t❤❡ ❧♦❝❛t✐♦♥s ✇❤❡r❡ t❤❡ r❡✢❡❝t❛♥❝❡ s♣❡❝tr❛ ✇❡r❡
♠❡❛s✉r❡❞✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝❛♥♦♣② r❡✢❡❝t❛♥❝❡ ❛t ❤✐❣❤❡r ✇❛✈❡❧❡♥❣t❤s ✭❡s♣❡❝✐❛❧❧②
▼❖❉■❙ ❜❛♥❞s ✻ ❛♥❞ ✼✮ ❛r❡ ✉♥❞❡r❡st✐♠❛t❡❞ ❜② t❤❡ ❉❆❘❚ ♠♦❞❡❧ ❢♦r ❞r② s❡❞❣❡s
✭❲✷✲✷✮ ❛♥❞ t✉ss♦❝❦ s❡❞❣❡s ✭●✹✮✳ ❚❤✐s ✐s ♠♦st ❧✐❦❡❧② ❞✉❡ t♦ ✇r♦♥❣ ❧❡❛❢ ♦♣t✐❝❛❧
♣r♦♣❡rt✐❡s✳ ■♥ t❤❡ r❛♥❣❡ ❛❜♦✈❡ 950 nm✱ ■ ✉s❡❞ t❤❡ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❞✇❛r❢ s❤r✉❜
❧❡❛✈❡s ❢♦r ❛❧❧ ❣r❡❡♥ ❛♥❞ ❞❡❛❞ ❧❡❛✈❡s✱ ❛s ♥♦ ♦t❤❡r ✜❡❧❞ ❞❛t❛ ✇❡r❡ ❛✈❛✐❧❛❜❧❡✳
✶✺✸
❇ ❘❛❞✐❛t✐✈❡ tr❛♥s❢❡r ♠♦❞❡❧❧✐♥❣
❈❛♥♦♣② P❆❘ tr❛♥s♠✐tt❛♥❝❡
❲❡ ♠❡❛s✉r❡❞ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ✉s✐♥❣ ❛ ❝❡♣t♦♠❡t❡r ✭❙✉♥s❝❛♥✱ ❉❡❧t❛✲❚ ❉❡✈✐❝❡s✮✳
❚❤❡ s❡t✲✉♣ ❝♦♥s✐st❡❞ ♦❢ ❛ 1m ❧♦♥❣ ♣r♦❜❡ ✇✐t❤ ✻✹ P❆❘ ✭♣❤♦t♦s②♥t❤❡t✐❝❛❧❧② ❛❝t✐✈❡
r❛❞✐❛t✐♦♥✱ 400✕700 nm✮ s❡♥s♦rs t❤❛t ✐s ✐♥s❡rt❡❞ ❜❡❧♦✇ ❝❛♥♦♣②✳ ❚❤❡ s❡❝♦♥❞ ♣❛rt ✐s ❛♥
❛❜♦✈❡ ❝❛♥♦♣② ❧✐❣❤t s❡♥s♦r ✇❤✐❝❤ t❛❦❡s r❡❛❞✐♥❣s ♦❢ t♦t❛❧ ❛♥❞ ❞✐r❡❝t P❆❘ s✐♠✉❧t❛♥❡✲
♦✉s❧② ✇✐t❤ t❤❡ ❜❡❧♦✇ ❝❛♥♦♣② ♣r♦❜❡✳ ❲❡ ✉s❡❞ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛❧❧ s✐♥❣❧❡ r❡❛❞✐♥❣s
♦❢ ✶✵ ♣❧♦ts ❢♦r ❞✇❛r❢ s❤r✉❜s ✭❙✶✲✶✱ ❇❡t✉❧❛ ♥❛♥❛✮✱ ✶✶ ♣❧♦ts ❢♦r ✇❡t s❡❞❣❡s ✭❲✷✲✶✱
❊r✐♦♣❤♦r✉♠ ❛♥❣✉st✐❢♦❧✐✉♠✮✱ ❛♥❞ ✺ ♣❧♦ts ❢♦r t✉ss♦❝❦ s❡❞❣❡s ✭●✹✱ ❊r✐♦♣❤♦r✉♠ ✈❛❣✐✲
♥❛t✉♠✮ ✭❋✐❣✉r❡ ❇✳✷✮✳ ❋♦r ❞r② s❡❞❣❡s ✭❲✷✲✷✮ ❛♥❞ ✇❛t❡r❧♦❣❣❡❞ s❡❞❣❡s ✭❲✷✲✹✮ ✇❡ ❞✐❞
♥♦t ❤❛✈❡ tr❛♥s♠✐tt❛♥❝❡ ✈❛❧✐❞❛t✐♦♥ ❞❛t❛✳
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❋✐❣✉r❡ ❇✳✷✿ ▼❡❛s✉r❡❞ ❜❡❧♦✇ ❝❛♥♦♣② tr❛♥s♠✐tt❛♥❝❡ ✭400✕700 nm✮❀ ❜❧❛❝❦ ❞♦ts ✐♥❞✐❝❛t❡
t❤❡ ❛✈❡r❛❣❡ ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts ♦❢ t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❝♦✈❡r t②♣❡s❀ s❡❡ ❋✐❣✉r❡ ✹✳✼❜ ❢♦r
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